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INTRODUCTION 


Current  therapies  designed  to  damage  DNA  (e.g.  radiation  therapy)  cure  many  primary  prostate 
carcinomas  and  produce  significant  responses  in  a  subset  of  advanced  metastatic  cancers. 
However,  a  subset  of  localized  prostate  cancers  resist  genotoxic  treatment,  and  most  advanced 
cancers  treated  with  chemotherapy  eventually  progress  to  a  lethal  phenotype.  Thus,  therapy 
resistance  is  a  major  contributor  to  prostate  cancer  morbidity  and  mortality.  Several  mechanisms 
responsible  for  resistance  to  genotoxic  therapies  have  been  identified  and  include  the  expression 
of  drug  efflux  pumps,  apoptotic  deficiency,  up-regulation  of  stress-response  chaperone  proteins, 
and  enhanced  mechanisms  to  repair  mutations  and  DNA  strand  breaks.  Though  these 
mechanisms  are  clearly  operative  in  a  subset  of  tumors,  in  vitro  studies  of  tumor  cell  lines  poorly 
predict  in  vivo  resistance,  suggesting  that  cell  autonomous  and  non-autonomous  factors  derived 
from  the  tumor  microenvironment  (TME)  contribute  to  pro-survival  effects. 

We  and  others  have  identified  a  unique  and  robust  secretory  phenotype  of  prostate  stromal  cells 
as  part  of  the  response  to  DNA  damage  treatments  that  is  termed  a  DNA  Damage  Secretory 
Program  (DDSP).  The  DDSP  complex  is  comprised  of  a  large  number  of  factors  known  to 
influence  tumor  progression  and  includes  proteases  (MMPs),  growth  factors  (HGF, 
amphiregulin),  pro-angiogenic  factors  (VEGF),  and  pro-inflammatory  cytokines  (IL6,  IL8). 
Components  of  the  DDSP  are  also  capable  of  promoting  an  epithelial  to  mesenchymal  transition 
(EMT),  a  phenotype  known  to  enhance  resistance  to  cytotoxic  and  cytostatic  cancer  treatments. 


BODY 

We  propose  to  test  the  concepts  that  (i)  genotoxic  treatment,  in  contrast  to  other  cancer 
therapeutics,  produces  a  robust  paracrine-acting  secretory  program  (DDSP)  in  benign 
components  of  the  TME;  (ii)  specific  components  of  the  DDSP  activate  tumor  cell  survival 
programs;  and  (iii)  certain  DDSP-activated  programs  (e.g.  WNT  signaling)  can  be  exploited  to 
enhance  subsequent  treatment  responses.  The  following  summarizes  the  technical  objectives  for 
the  proposal  and  the  work  accomplished  during  the  first  4-month  research  period  between  the 
project  initiation  (05/15/2012)  and  institution  transfer  of  the  PI  (08/22/2012). 

Specific  Aim  1:  Determine  the  effect  and  effectiveness  of  inhibiting  WNT16B,  a  key 
component  of  the  prostate  fibroblast  DNA  Damage  Response  Program,  on  prostate  tumor 
responses  to  chemotherapy.  Through  these  studies,  this  Aim  will  also  assess  the  composition  of 
the  DDSP  in  specific  cell  types  comprising  the  prostate  TME  and  define  damage  responses 
produced  by  non-genotoxic  agents. 

Task  1.1:  Establish  xenografts  compring  PCa  cells  (PC3/VCaP)  with  PSC27  fibroblasts  and 
examine  tumor  responses  to  single  agent  or  combination  therapy,  (y  1/m  1-6) 

1.  Purification,  refolding,  and  examination  of  human  WNT16B  antibody 

We  wish  to  study  the  feasibility  and  efficacy  of  anti-WNT16B  antibody  in  down-regulation  of 
prostate  tumor  progression  in  preclinical  xenograft  models.  Our  recent  data  demonstrated  that 
components  of  the  DNA  damage  response  program  produced  by  benign  components  of  the 
tumor  microenvironment  contribute  to  enhanced  tumor  repopulation  rates.  Particularly,  the 
components  of  treatment-activated  DNA  damage  secretory  program  (DDSP) — collectively  or 
individually,  alter  neoplastric  characteristics,  for  example  promoting  the  acquisition  of 
mesenchymal  cell  characteristics  (epithelial  to  mesenchymal  transition,  EMT),  that  are  known  to 
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enhance  resistance  to  growth  arrest  signals  and  apoptosis.  The  proposed  work  is  relevant  in  the 
context  of  prostate  cancer  (PCa)  treatment  as  one  objective  is  to  validate  that  key  paracrine¬ 
acting  molecules  we  have  discovered,  hereby  exemplified  by  a  wingless-type  MMTV  integration 
site  family  member  16B,  WNT16B,  which  was  induced  33-fold  upon  DNA  damage,  are 
amenable  to  therapeutic  targeting  to  enhance  the  effectiveness  of  commonly  used  prostate  cancer 
therapies. 

Extracellular  drug  targets  have  many  advantages  over  intracellular  ones,  such  as  easy  access  by 
small-molecule  inhibitors  and  antibodies.  WNT16B  is  highly  expressed  in  PCa  patients  post 
chemotherapy,  and  expression  has  been  correlated  with  aggressive  disease  (Sun  et  al.,  2012;  Sun 
and  Nelson,  2012).  Our  former  work  showed  directly  that  WNT16B  contributes  to  the  aggressive 
phenotype,  and  forced  expression  of  WNT16B  increased  PCa  cell  proliferation,  mobility, 
invasiveness,  and  more  remarkably,  chemoresistance;  in  contrast,  knockdown  of  this  factor  by 
genetic  strategy  significantly  diminished  tumor  development.  Thus,  we  plan  to  explore  the 
hypothesis  that  the  DNA-damaging  regimen  comprising  a  WNT16B -directed  monoclonal 
antibody  can  result  in  decreased  cancer  malignancy,  which  allows  improving  PCa  treatment 
through  such  an  antibody-mediated  administration.  Together,  future  experimental  findings  may 
establish  WNT16B  as  a  new,  specific,  and  —  by  virtue  of  its  outside-of-the-box  location- 
draggable  target  for  the  potentially  lethal  forms  of  prostate  cancer. 

For  this  purpose,  it  is  essential  to  get  purified  anti-WNT16B  as  the  preliminary  step  of  the  whole 
project.  A  solubilized  mouse  anti-human  WNT16B  monoclonal  antibody  from  a  commercial 
source  prepared  in  aqueous  buffered  solution  containing  <0.09  %  sodium  azide,  was  purified  by 
affinity  chromatography  using  a  Sephadex  G25  gel  filtration  column.  After  one-step 
chromatographic  purification  in  denaturing  conditions,  we  optimized  a  cost  saving  dialysis 
procedure  for  correct  refolding  (Burgess  2009;  Bel-Ochi  et  al.,  2013)  to  improve  the  specific 
immunoreactivity  of  this  complex  molecule.  The  refolding  procedure  consists  of  consecutive 
dialysis  baths  with  decreasing  urea  concentrations.  The  immunoreactivity  recovery  was 
confirmed  by  western  blot  analysis  with  whole  cell  lysates  from  PSC27  stable  line  that  has  been 
established  by  lentiviral  infection  to  overexpress  WNT16B  (Figure  1A).  No  degradation 
products,  protein  aggregates  or  misfolded  species  were  detected  in  the  buffered  antibody 
solution,  as  examined  by  anti-mouse  HRP-conjugated  secondary  antibody  (not  shown). 
Typically,  a  0.1  ml  volume  of  50  pg  commercial  raw  antibody  (Clone  F4-1582)  led  to  a  final 
yield  of  about  40  pg  purified  anti-WNT16B.  This  amount  even  exceeded  the  terminal  production 
estimated  by  the  manufacture.  Thus,  our  methodology  allowed  generation  of  anti-WNT16B  that 
exhibit  apparent  biological  activities  and  yielded  sufficient  products  for  downstream 
applications. 

2.  Characterization  of  purified  anti-WNT16B  in  phenotypic  changes  of  PCa  epithelial 
cells  by  human  prostate  stroma  in  response  to  DNA  damage  insults 

To  confirm  the  efficacy  of  anti-WNT16B  generated  through  such  a  series  of  purification  and 
recovery  procedures,  we  applied  the  antibody  to  in  vitro  experiments.  First,  we  looked  at  the 
influence  of  the  antibody  in  affecting  the  proliferative  augment  gained  by  WNT16B  as  an 
overexpressed  soluble  factor  from  the  PSC27-WNT16B  stable  cell  line.  As  compared  with  the 
buffer  control,  solutions  containing  purified  anti-WNT16B  significantly  reduced  the  growth 
potential  of  BPH1,  M12  and  PC3  cells  conferred  by  conditional  media  from  stromal  cells, 
although  the  effect  to  PC3  cells  was  most  dramatic  (Figure  IB). 

As  one  of  the  prominent  features  of  a  full  fibroblast  DDSP  program,  conditional  media  from 
damaged  fibroblasts  upon  ionizing  radiation  (PSC27-RAD)  can  stimulate  the  proliferation  of 
neoplastic  prostate  cells.  However,  this  was  found  to  be  significantly  attenuated  by  antibody- 
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mediated  suppression  (Figure  1C).  Further,  the  enhanced  invasive  capacity  of  cancer  epithelial 
cells  by  the  full  spectrum  paracrine-acting  fibroblast  DDSP  spurred  by  DNA  damaging  treatment 
(PSC27-RAD),  was  remarkably  suppressed  by  the  presence  of  purified  anti-WNT16B  (Figure 

ID). 

Task  1.3:  Develop  a  system  for  studying  signal  transduction  programs  and  other  components  of 
the  TME  regulated  by  WNT16B  in  the  context  of  an  intact  immune  response,  (y  2/m  1-6) 

3.  Isolation,  establishment  and  characterization  of  primary  prostate  fibroblast  lines 
from  the  FVB  mouse  strain 

To  examine  the  effects  of  WNT16B  on  tumor  growth  and  therapy  resistance,  and  clarify  signal 
transduction  programs  and  other  components  of  the  tumor  microenvironment  (TME)  regulated 
by  WNT16B  in  an  intact  immune  system,  primary  mouse  prostate  stromal  cells  particularly 
fibroblast  cells  are  highly  desired  and  will  serve  as  a  baseline  for  future  xenograft  expertments. 
This  will  allow  replication  of  the  cell  recombination  renal  capsule  xenograft  studies  (EXP1), 
substituting  Myc-CaP  (Watson  et  al.,  2005)  mouse  prostate  cancer  cell  lines  and  the  prospective 
mouse  fibroblasts  engineered  to  overexpress  or  suppress  WNT16B  in  the  context  of 
mitoxantrone  (MIT)  therapy.  Myc-CaP  tumor  cells  will  allow  for  grafting  in  syngeneic  immune- 
intact  mouse  hosts  (e.g.  FVB  for  Myc-CaP)  to  assess  for  possible  immune  regulatory  influences 
of  WNT16B  in  the  TME  that  could  enhance,  or  suppress  WNT16B  tumor  effects. 

For  this  purpose,  we  derived  primary  mouse  prostate  fibroblasts  from  wild  type  FVB  mice  at  the 
age  of  3-4  months  (puberty).  Nutrient  specificity,  morphology  and  growth  pattern  of  these 
primary  fibroblasts  were  characterized.  For  optimization  of  the  mouse  fibroblasts  (MFs)  culture, 
we  tested  several  conditions  such  as  DMEM  versus  DMEM/F12,  F-10  Nutrient  Mixture,  Ham's 
F12  Nutrient  Mixture,  a-MEM  with  or  without  bFGF  and  StemXVivo  medium  (Sung  et  al., 
2008;  Futami  et  al.,  2012).  When  the  MFs  were  maintained  with  enriched  culture  media,  such  as 
DMEM/F12  or  a-MEM  with  or  without  bFGF,  cell  proliferation  was  inadequate  and  cell 
morphology  changed  to  flat,  enlarged  shapes  (data  not  shown).  However,  with  the  routine 
DMEM  medium  the  results  improved  with  an  adequate  volume  of  cells  and  normal  morphology. 
It  is  noteworthy  that  the  initial  culture  of  the  isolated  MFs  had  a  heterogeneous  cell  population 
with  both  round  and  fibroblastic  cells.  However,  the  number  of  round-shaped  cells  gradually 
decreased  and  the  growth  rate  of  the  fibroblastic  cells  increased  over  time  upon  sequential 
subculture.  Generally,  the  MFs  isolated  from  the  prostate  tissues  of  FVB  mouse  strain  showed 
fibroblastic  morphology  (Figure  2).  The  morphologic  characteristics  of  the  MFs  were  similar  to 
NIH3T3,  an  established  mouse  embryonic  fibroblast  line  from  ATCC.  However,  the  average 
growth  rates  of  the  MFs  were  even  higher.  In  addition,  colony-forming  unit  fibroblast  (CFU-F) 
numbers  were  used  to  compare  various  growth  potentials  among  the  fibroblasts  from  different 
sources  (Sung  et  al.,  2008).  To  estimate  the  CFU-F  number,  1000  cells  were  plated  onto  a  100- 
cm2  dish,  and  then  cultured  for  7  days.  One  subline  of  MFs,  F4M2  showed  the  highest  number  of 
CFU-Fs  (Figure  3 A).  Therefore,  our  results  suggest  that  F4M2  is  a  mouse  fibroblast  line  that  can 
be  potentially  suitable  for  in  vitro  studies  of  cell  biology  and  in  vivo  application  of  tumor 
xenografting  experiments. 

For  molecular  identification  of  these  cell  lines,  whole  cell  lysates  were  collected  from  culture 
and  applied  for  immunoblot  analysis.  Interestingly,  the  fibroblast-specific  markers,  including 
vimentin  and  a-SM  actin  were  consistently  expressed  in  the  established  lines,  with  F4M2 
examined  as  a  representative,  while  the  typical  luminal  epithelial  markers  mainly  E-cadherin  and 
CK8  are  basically  missing  (Figure  3B).  This  is  in  line  with  NIH3T3  cells,  which  is  well  known 
for  its  fibroblast  feature,  although  from  a  different  mouse  strain.  Thus,  the  expression  profile  of 
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our  primary  mouse  prostate  fibroblasts  is  confirmed,  which  appears  unique  and  distinct  from  the 
well-established  mouse  prostate  cancer  cells  of  the  same  genetic  origin  (FVB). 

In  addition,  we  determined  the  response  of  F4M2  cells  upon  ionizing  radiation.  Not  surprisingly, 
multiple  secreted  factors  as  hallmark  of  typical  DDSP  phenotype  that  was  reported  in  human 
fibroblasts  were  markedly  enhanced  within  10  days  post  DNA  damage  (Figure  3C).  However, 
the  increased  expression  of  a  few  soluble  factors,  particularly  SPINK  1,  CXCL14  and  CCL26 
remained  largely  undiminished,  when  the  mTOR  suppressor  RAD001  was  applied  to  the  culture 
conditions.  Thus,  in  the  presence  of  a  small  molecule  inhibitor  of  DDSP,  part  of  the  whole  range 
of  secretion  is  unaffected,  indicating  the  complexity  of  this  fibroblast-specific  program  and  the 
necessity  to  further  explore  the  multiple  mechanisms  of  DDSP  development,  some  of  which  are 
so  far  still  cryptic  and  unclear. 
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Figure  1.  Purification  and  in  vitro  efficacy  of  anti-WNT16B  (clone  F4-1582)  through  co-culture 
examination.  A.  Western  blot  assay  of  whole  cell  lysates  collected  from  PSC27-WNT16B  stable 
line,  probed  with  anti-WNT16B  purified  from  a  column  chromatography,  with  the  same  antibody 
without  purification  applied  as  parallel  control.  Loading  amount  of  cell  lysates  per  lane,  20  pg; 
concentrations  of  antibody  (representative  of  multiple  times  of  preparation  for  lane  1~4,  or 
corresponding  lots  of  raw  commercial  antibody  for  lane  5-6),  2.5  pg/10  ml.  WNT16B  was 
identified  as  a  single  band  of  -45  kDa.  B.  Conditional  media  from  WNT16B-expressing  prostate 
fibroblasts  promotes  PCa  epithelial  cell  proliferation.  However,  this  tendency  is  diminished  by 
anti-WNT16B.  C.  A  full  fibroblast  DDSP  program  induced  by  ionizing  radiation  (PSC27-RAD) 
stimulates  the  proliferation  of  neoplastic  prostate  cells,  but  is  significantly  attenuated  by 
antibody-mediated  suppression.  D.  The  entire  paracrine-acting  fibroblast  DDSP  spurred  by  DNA 
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Figure  2.  Cell  morphology  of  primary  prostate  fibroblast  lines  isolated  from  FVB  mice.  Bright 
field  microscopic  images  of  3  representatives  of  such  cell  lines  are  shown,  and  cells  are 
maintained  in  optimized  culture  media.  Among  them,  F4M2  grows  faster  than  others,  and  all 
three  lines  resemble  NIH3T3,  a  well-established  and  widely  used  mouse  embryonic  fibroblast 
line.  The  primary  normal  human  prostate  stromal  line,  and  Myc-CaP  line  originally  derived  from 
mouse  High-Myc  transgenic  model  of  prostate  cancer,  either  cultured  in  DMEM/10%FBS,  serve 
as  parallel  controls. 
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Secreted  factors  from  mouse  primary  prostate  fibroblasts 


Figure  3.  Growth  potential  and  expression  pattern  of  cell  line  specific  markers.  A.  Colony-forming 
unit  (CFU)  is  counted  for  cell  lines  cultured  under  the  optimized  conditions,  in  a  consecutive  7-day 
period.  To  estimate  the  CFU  number  (>5  cells/colony),  1000  cells  are  plated  onto  a  100-cm2  dish, 
with  media  changed  every  2~3  days.  One  subline  of  MFs,  F4M2  exhibited  the  highest  number  of 
CFUs.  B.  Western  blots  of  cell  lines  with  antibodies  against  seveal  cell  lineage  specific  markers 
applied.  Actin,  loading  control  for  signal  normalization.  C.  Expression  profile  of  several  typical 
DDSP  factors  in  F4M2  line  upon  DNA  damage,  but  their  expression  is  differentially  reduced  by  a 
chemical  drug,  RAD001.  Note,  the  expression  of  SPINK  1,  CXCL14  and  CCL26  promoted  by 
genotoxicity,  cannot  be  completely  blocked  upon  RAD001  treatment,  making  them  unique  among 
multiple  DDSP  factors. 
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Specific  Aim  2:  Identify  key  upstream  ‘master  regulators  ’  of  the  DNA  Damage  Secretory 
Program  and  assess  the  anti-tumor  effects  of  broad  DDSP  suppression.  Through  these  studies 
the  effects  of  the  composite  DDSP  will  be  defined  using  3D  assays  of  cytotoxicity  and 
preclinical  model  systems. 

Not  initiated  yet,  therefore  data  unavailable. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  We  have  purified  anti-WNT16B  mouse  monoclonal  antibody  through  column 
chromatography  technique  and  renaturing  procedures.  The  in  vitro  experiments  demonstrated 
that  the  antibody  is  biologically  active  and  has  even  higher  capacity  in  recognizing  WNT16B 
as  an  antigen  expressed  from  human  fibroblasts. 

•  Upon  application  to  cell  culture  conditions,  anti-WNT16B  significantly  reduced  the 
proliferative  gain  of  prostate  cancer  epithelial  cells  conferred  by  WNT16B  overexpressed 
from  a  stable  human  fibroblast  line;  dramatically  neutralized  the  growth  augment  exerted  by 
the  full  DDSP  of  damaged  prostate  fibroblasts;  and  prominently  abolished  the  invasiveness 
of  cancer  cells  upon  treatment  with  conditional  media  of  fibroblasts  upon  DNA  damaging. 

•  We  isolated  and  established  a  group  of  primary  fibroblast  cell  lines  from  the  prostate  tissue 
of  mice  with  FVB  background.  Expression  of  the  typical  cell  lineage- specific  markers 
confirmed  their  stromal  origin,  and  typical  DDSP  phenotype  is  developed  upon  DNA 
damaging  treatment.  However,  as  is  reminiscent  of  our  previous  data  from  human  fibroblasts, 
the  upregulation  of  a  handful  DDSP  effectors  persisted  even  overexpression  of  majority  of 
soluble  factors  is  suppressed  by  pathway-targeting  chemicals,  imply  the  highly  complex 
nature  of  this  program  and  complication  of  a  large  molecular  network  that  is  engaged  in  the 
initiation  and  maintenance  of  this  stroma- specific  response  under  chemotherapy  or  radiation 
conditions. 


REPORTABLE  OUTCOMES 

•  Sun,  Y.  and  Nelson,  P.  S.  2012.  Molecular  Pathways:  Involving  Microenvironment  Damage 
Responses  in  Cancer  Therapy  Resistance.  Clin  Cancer  Res.  18:  4019-4025. 

•  Sun,  Y.,  Campisi,  J.,  Higano,  C.,  Beer,  T.  M.,  Porter,  P.,  Coleman,  I.,  True,  l.  and  Nelson,  P.  S. 
2012.  Treatment-Induced  Damage  to  the  Tumor  Microenvironment  Promotes  Prostate 
Cancer  Therapy  Resistance  through  WNT16B.  Nat.  Med.  18:  1359-1368.  (Article  featured 
by  the  journal,  reviewed  by  Cancer  Biology  &  Therapy,  Cancer  Discovery,  Nature  Medicine, 
and  Nature  Reviews  Clinical  Oncology) 

CONCLUSIONS 

The  research  accomplished  to  date  has  demonstrated  that  anti-WNT16B  can  be  purified  from 
commercial  vials  supplied  by  the  vendor,  and  the  refolding  process  we’ve  adapted  from  former 
literature  allows  a  nearly  complete  recovery  of  its  biological  activities.  Ac  compared  with  the 
pre-purification  product,  anti-WNT16B  demonstrated  higher  recognition  and  immunoreaction 
with  the  antigen  that  is  expressed  from  human  prostate  stromal  cells.  We  isolated  and  established 
primary  prostate  fibroblast  cell  lines  from  mice  of  FVB  background,  and  characterized  the 
expression  pattern  of  cell  lineage-specific  markers,  identifying  these  cells  as  typical  fibroblasts 
per  se.  Upon  DNA-damaging  treatment,  multiple  DDSP  factors  are  overexpressed  significantly. 
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However  a  subgroup  of  the  secreted  factors  appears  to  be  refractory  upon  application  of  specific 
signaling  pathway  inhibitors,  indicating  complication  of  multiple  mechanisms  of  DDSP 
phenotype  in  the  tumor  microenvironment. 
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Treatment-induced  damage  to  the  tumor  micro¬ 
environment  promotes  prostate  cancer  therapy  resistance 
through  WNT16B 

Yu  Sun1,  Judith  Campisi2,3,  Celestia  Higano4,5,  Tomasz  M  Beer6,7,  Peggy  Porter1,  lisa  Coleman1,  Lawrence  True8  & 
Peter  S  Nelson1,4,5,8 


Acquired  resistance  to  anticancer  treatments  is  a  substantial  barrier  to  reducing  the  morbidity  and  mortality  that  is  attributable 
to  malignant  tumors.  Components  of  tissue  microenvironments  are  recognized  to  profoundly  influence  cellular  phenotypes, 
including  susceptibilities  to  toxic  insults.  Using  a  genome-wide  analysis  of  transcriptional  responses  to  genotoxic  stress  induced 
by  cancer  therapeutics,  we  identified  a  spectrum  of  secreted  proteins  derived  from  the  tumor  microenvironment  that  includes 
the  Wnt  family  member  wingless-type  MMTV  integration  site  family  member  16B  (WNT16B).  We  determined  that  WNT16B 
expression  is  regulated  by  nuclear  factor  of  k  light  polypeptide  gene  enhancer  in  B  cells  1  (NF-kB)  after  DNA  damage  and 
subsequently  signals  in  a  paracrine  manner  to  activate  the  canonical  Wnt  program  in  tumor  cells.  The  expression  of  WNT16B  in 
the  prostate  tumor  microenvironment  attenuated  the  effects  of  cytotoxic  chemotherapy  in  vivo ,  promoting  tumor  cell  survival  and 
disease  progression.  These  results  delineate  a  mechanism  by  which  genotoxic  therapies  given  in  a  cyclical  manner  can  enhance 
subsequent  treatment  resistance  through  cell  nonautonomous  effects  that  are  contributed  by  the  tumor  microenvironment. 


A  major  impediment  to  more  effective  cancer  treatment  is  the  ability 
of  tumors  to  acquire  resistance  to  cytotoxic  and  cytostatic  therapeu¬ 
tics,  a  development  that  contributes  to  treatment  failures  exceeding 
90%  in  patients  with  metastatic  carcinomas1.  Efforts  focused  on  cir¬ 
cumventing  cellular  survival  mechanisms  after  chemotherapy  have 
©  defined  systems  that  modulate  the  import,  export  or  metabolism  of 
drugs  by  tumor  cells2-6.  Enhanced  damage  repair  and  modifications 
p,k  to  apoptotic  and  senescence  programs  also  contribute  to  de  novo  or 
I acquired  tolerance  to  anti-neoplastic  treatments3,7,8.  In  addition, 
the  finding  that  ex  vivo  assays  of  sensitivity  to  chemotherapy  do  not 
accurately  predict  responses  in  vivo  indicate  that  tumor  microenvi¬ 
ronments  also  contribute  substantially  to  cellular  viability  after  toxic 
insults9-11.  For  example,  cell  adhesion  to  matrix  molecules  can  affect 
life  and  death  decisions  in  tumor  cells  responding  to  damage12-14. 
Further,  the  spatial  organization  of  tumors  relative  to  the  vasculature 
establishes  gradients  of  drug  concentration,  oxygenation,  acidity  and 
states  of  cell  proliferation,  each  of  which  may  substantially  influence 
cell  survival  and  the  subsequent  tumor  repopulation  kinetics15,16. 

Most  cytotoxic  agents  selectively  target  cancers  by  exploiting 
differential  tumor  cell  characteristics,  such  as  high  proliferation  rates, 
hypoxia  and  genome  instability,  resulting  in  a  favorable  therapeu¬ 
tic  index.  However,  cancer  therapies  also  affect  benign  cells  and  can 
disrupt  the  normal  function  and  physiology  of  tissues  and  organs. 
To  avoid  host  lethality,  most  anticancer  regimens  do  not  rely  on  single 


overwhelming  treatment  doses:  both  radiation  and  chemotherapy 
are  administered  at  intervals  to  allow  the  recovery  of  vital  normal 
cell  types.  However,  gaps  between  treatment  cycles  also  allow  tumor 
cells  to  recover,  activate  and  exploit  survival  mechanisms  and  resist 
subsequent  therapeutic  insults. 

Here  we  tested  the  hypothesis  that  treatment-associated  DNA 
damage  responses  in  benign  cells  comprising  the  tumor  microenvi¬ 
ronment  promote  therapy  resistance  and  subsequent  tumor  progres¬ 
sion.  We  provide  in  vivo  evidence  of  treatment- induced  alterations 
in  tumor  stroma  that  include  the  expression  of  a  diverse  spectrum  of 
secreted  cytokines  and  growth  factors.  Among  these,  we  show  that 
WNT16B  is  activated  in  fibroblasts  through  NF-kB  and  promotes  an 
epithelial  to  mesenchymal  transition  (EMT)  in  neoplastic  prostate 
epithelium  through  paracrine  signaling.  Further,  WNT16B,  acting 
in  a  cell  nonautonomous  manner,  promotes  the  survival  of  cancer 
cells  after  cytotoxic  therapy.  We  conclude  that  approaches  targeting 
constituents  of  the  tumor  microenvironment  in  conjunction  with  con¬ 
ventional  cancer  therapeutics  may  enhance  treatment  responses. 

RESULTS 

Therapy  induces  damage  responses  in  tumor  microenvironments 

To  assess  for  treatment-induced  damage  responses  in  benign  cells 
comprising  the  tumor  microenvironment,  we  examined  tissues  col¬ 
lected  before  and  after  chemotherapy  exposure  in  men  with  prostate 
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cancer  enrolled  in  a  neoadjuvant  clinical  trial  combining  the  geno- 
toxic  drug  mitoxantrone  (MIT)  and  the  microtubule  poison  docetaxel 
(DOC)  (Fig.  la)17,18.  After  chemotherapy,  we  found  evidence  of  DNA 
damage  in  fibroblasts  and  smooth  muscle  cells  comprising  the  pros¬ 
tate  stroma,  as  determined  by  the  phosphorylation  of  histone  H2AX 
on  Seri 39  (y-H2AX)  (Fig.  lb).  To  ascertain  the  molecular  conse¬ 
quences  of  DNA  damage  in  benign  cells,  we  treated  primary  prostate 
fibroblasts  (PSC27  cells)  with  MIT,  bleomycin  (BLEO),  hydrogen  per¬ 
oxide  (H202)  or  gamma  radiation  (RAD),  each  of  which  substantially 
increased  the  number  of  y-H2AX  foci  (Supplementary  Fig.  la,b).  We 
used  whole-genome  microarrays  to  quantify  transcripts  in  PSC27  cells 
and  determined  that  the  levels  of  727  and  329  mRNAs  were  commonly 
increased  and  decreased,  respectively  (false  discovery  rate  of  0.1%), 
as  a  result  of  these  genotoxic  exposures  (Supplementary  Fig.  lc).  To 
focus  our  studies  on  those  factors  with  the  clear  potential  for  para¬ 
crine  effects  on  tumor  cells,  we  evaluated  genes  with  at  least  3.5-fold 
elevated  expression  after  genotoxic  treatments  that  encode  extracellu¬ 
lar  proteins,  here  collectively  termed  the  DNA  damage  secretory  pro¬ 
gram  (DDSP)  (Fig.  lc).  Consistent  with  previous  studies,  transcripts 
encoding  matrix  metalloproteinases  such  as  MMP1,  chemokines  such 


as  CXCL3  and  peptide  growth  factors  such  as  amphiregulin  were  sub¬ 
stantially  elevated  in  PSC27  fibroblasts  after  genotoxic  damage19,20. 
Notably,  the  expression  of  WNT16B  increased  between  eightfold  and 
64-fold  as  a  result  of  these  treatments  ( P  <  0.005)  (Fig.  lc,d). 

Wnt  family  members  participate  in  well-described  mesenchymal 
and  epithelial  signaling  events  that  span  developmental  biology, 
stem  cell  functions  and  neoplasia21.  Though  little  information  links 
Wnt  signaling  to  DNA  damage  responses,  a  previous  study  reported 
WNT16B  overexpression  in  the  context  of  stress-  and  oncogene- 
induced  senescence22.  We  confirmed  that  DNA  damage  increased 
WNT16B  protein  expression  and  found  elevated  amounts  of  extra¬ 
cellular  WNT16B  in  conditioned  medium  from  prostate  fibroblasts 
after  chemotherapy  or  radiation  (Fig.  le,f).  Transcripts  encoding 
other  Wnt  family  members  were  not  substantially  altered  in  the  pros¬ 
tate  fibroblasts  we  studied  here  (Fig.  lg).  In  contrast  to  the  WNT16B 
responses  in  fibroblasts,  we  observed  little  induction  of  WNT16B 
expression  in  epithelial  cells  (Fig.  lh). 

We  next  sought  to  confirm  that  expression  of  WNT16B  is  induced 
by  genotoxic  therapy  in  vivo.  We  used  laser-capture  microdissec¬ 
tion  to  separately  isolate  stroma  and  epithelium  and  determined 


Figure  1  Genotoxic  damage  to  primary  prostate 
fibroblasts  induces  expression  of  a  spectrum 
of  secreted  proteins  that  includes  WNT16B. 

(a)  Schematic  of  the  prostate  cancer  treatment 
regimen  comprising  a  pretreatment  prostate  biopsy 
and  four  cycles  of  neoadjuvant  DOC  and  MIT 
chemotherapy  followed  by  radical  prostatectomy. 

(b)  DNA  damage  foci  in  human  prostate  tissues 
collected  before  and  after  chemotherapy.  Tissue 
sections  were  probed  with  antibodies  recognizing 
y-H2AX  (red  and  pink  signals),  and  nuclei  were 
counterstained  with  Hoechst  33342  (blue). 

Gl,  gland  lumen;  e,  epithelium;  s,  stroma.  Scale 
bars,  50  pm.  (c)  Analysis  of  gene  expression 
changes  in  prostate  fibroblasts  by  transcript 
microarray  quantification.  The  heatmap  depicts 
the  relative  mRNA  levels  after  exposure  to 
H202,  BLEO  or  RAD  compared  to  vehicle-treated 
cells.  Columns  are  replicate  experiments. 

WNT16B  is  highlighted  in  bold  for  emphasis. 

(d)  Measurements  of  WNT16B  expression  by 
qRT-PCR  in  prostate  fibroblasts.  Shown  are  the 
log2  transcript  measurements  before  (Pre)  or 
after  exposure  to  the  indicated  factors  relative 
to  vehicle-treated  control  cells.  Data  are  mean  ± 
s.e.m.  of  triplicates.  The  P  value  was  calculated  by 
analysis  of  variance  (ANOVA)  followed  by  t test. 

(e)  WNT16B  protein  expression  in  prostate 
PSC27  fibroblast  extracellular  conditioned 
medium  (CM)  or  in  cell  lysates  (1C)  after 
genotoxic  exposures.  (3-actin  is  a  loading  control. 

(f)  Immunohistochemical  analysis  of  WNT16B 
expression  in  prostate  fibroblasts  before  (Pre)  and 
after  exposure  to  MIT  or  RAD.  Brown  chromogen 
indicates  WNT16B  expression.  Scale  bars,  50  gm. 

(g)  Expression  of  Wnt  family  members  in  prostate 
fibroblasts  after  exposure  to  DNA-damaging 
agents.  Transcript  quantification  was  determined 
by  microarray  hybridization.  Columns  represent 
independent  replicate  experiments.  WNT16B 

is  listed  in  bold  for  emphasis,  (h)  WNT16B 
expression  by  qRT-PCR  in  PSC27  fibroblasts 
and  prostate  cancer  cell  lines  after  the  indicated 
genotoxic  exposure  relative  to  pretreatment 
transcript  amounts.  Data  are  mean  ±  s.e.m. 
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by  quantitative  RT-PCR  (qRT-PCR)  that  the  number  of  WNT16B 
transcripts  increased  by  approximately  sixfold  in  prostate  stroma 
after  chemotherapy  (P  <0.01)  (Fig.  2a  and  Supplementary  Fig.  Id). 
The  expression  of  other  genes  known  to  respond  to  DNA  damage, 
including  CDKN2A  (also  known  as  p  16),  CDKN1A  (also  known  as 
p21)  and  IL8,  also  increased  in  response  to  chemotherapy  in  prostate 
stroma  (Fig.  2a)20,23.  We  next  confirmed  induction  of  WNT16B  pro¬ 
tein  expression  by  immunohistochemistry.  Compared  to  untreated 
prostate  tissue,  WNT16B  protein  was  substantially  and  significantly 
increased  after  chemotherapy  in  the  periglandular  stroma,  which 
included  fibroblasts  and  smooth  muscle  cells  (P  <  0.01)  (Fig.  2b, c). 
In  contrast,  we  observed  very  limited  WNT16B  expression  in 
benign  or  neoplastic  epithelium,  and  mRNAs  encoding  other  Wnt 
family  proteins  were  not  substantially  altered  in  prostate  stroma 
(Supplementary  Fig.  ld,e). 

We  confirmed  these  findings  in  breast  and  ovarian  carcinomas,  two 
other  malignancies  commonly  treated  with  cytotoxic  chemotherapy. 
Genotoxic  treatments  induced  the  expression  of  WNT16B  protein  in 
primary  human  fibroblasts  isolated  directly  from  breast  and  ovarian 


tissues  and  in  the  prostates,  breasts  and  ovaries  of  mice  treated  with 
MIT  (Supplementary  Fig.  2a-d).  WNT16B  protein  expression  was  sig¬ 
nificantly  elevated  in  the  stroma  of  human  breast  and  ovarian  cancers 
treated  with  neoadjuvant  chemotherapy  compared  with  tumors  from 
patients  that  did  not  receive  treatment  (P  <  0.001)  (Fig.  2).  Notably,  in 
each  of  the  tumor  types  evaluated,  a  range  of  absent  to  robust  WNT16B 
expression  was  evident.  Because  responses  to  chemotherapy  also  var¬ 
ied,  we  evaluated  whether  WNT16B  expression  was  associated  with 
clinical  outcome.  In  patients  with  prostate  cancer  treated  with  neo- 
adjuvant  chemotherapy,  higher  WNT16B  immunoreactivity  in  pros¬ 
tate  stroma  after  treatment  was  associated  with  a  significantly  greater 
likelihood  of  cancer  recurrence  (P  =  0.04)  (Fig.  2d).  We  next  sought 
to  determine  the  mechanism(s)  by  which  WNT16B  could  contribute 
to  treatment  failure. 

WNT16B  promotes  cancer  cell  proliferation  and  invasion 

Members  of  the  Wnt  family  influence  cellular  phenotypes  through 
P-catenin-dependent  and  -independent  pathways21.  We  generated 
a  prostate  fibroblast  cell  strain  with  stable  expression  of  WNT16B 
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Figure  2  Cytotoxic  chemotherapy  induces  WNT16B  expression  in  the  tumor  microenvironment,  (a)  Chemotherapy-induced  gene  expression  changes  in 
human  prostate-cancer-associated  stroma  measured  by  qRT-PCR  of  microdissected  cells.  The  amounts  of  transcript  before  treatment  (xaxis)  are 
plotted  against  the  amounts  of  transcript  after  chemotherapy  (yaxis)  from  the  same  individual.  Each  data  point  represents  the  measurements  from 
an  individual  patient.  The  results  are  shown  as  PCR  cycle  number  relative  to  ribosomal  protein  L13  (RPL13),  which  served  as  the  reference  control. 

The  Pvalues  were  calculated  by  Student’s  f  test,  (b)  IHC  assessment  of  prostate  stromal  WNT16B  expression  in  prostatectomy  tissue  samples  from 
men  with  prostate  cancer  who  were  either  untreated  {n  =  30)  or  treated  with  chemotherapy  (a?  =  50).  Patients  were  assigned  to  four  categories  based  on 
their  stromal  WNT16B  staining:  0,  no  expression;  1,  faint  or  equivocal  expression;  2,  moderate  expression;  3,  intense  reactivity.  P<  0.0001  by  ANOVA. 
(c)  Representative  example  of  intense  WNT16B  expression  in  prostate  stroma  after  in  vivo  exposure  to  MIT  and  DOC.  The  black  arrows  denote  areas  of 
the  stroma  with  fibroblasts  and  smooth  muscle.  Note  the  minimal  WNT16B  reactivity  in  the  epithelium  (gray  arrows).  Scale  bars,  50  gm.  (d)  Kaplan- 
Meier  plot  of  biochemical  (prostate-specific  antigen)  relapse-free  survival  based  on  the  expression  of  WNT16B  in  prostate  stroma  after  exposure  to  MIT 
and  DOC  chemotherapy  (P  =  0.04  by  log-rank  test  comparing  WNT16B  <  1  with  WNT16B  >  2  survival  distributions).  DFI,  disease-free  interval  from 
surgery.  (e,f)  WNT16B  staining  of  breast  (e)  and  ovarian  (f)  carcinoma  from  patients  receiving  neoadjuvant  chemotherapy  or  no  treatment  before  surgical 
resection.  Staining  is  recorded  on  a  4-point  scale:  0,  no  expression;  1,  faint  or  equivocal  expression;  2,  moderate  expression;  3,  intense  reactivity. 

Scale  bars,  50  gm.  The  Pvalues  were  calculated  by  ANOVA. 
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(PSC27WNT16B)  and  fibroblast  strains  that  expressed  shRNAs  spe¬ 
cific  to  WNT16B  (shRNAWNT16B),  which  blocked  the  induction  of 
WNT16B  expression  by  RAD  and  MIT  (Supplementary  Fig.  3a, b). 
PSC27WNT16B-conditioned  medium  significantly  enhanced  pros¬ 
tate  cancer  cell  growth  ( P  <  0.01)  (Fig.  3a)  and  increased  cellular 
migration  and  invasion  (P  <  0.05)  compared  to  conditioned  medium 
from  PSC27  vector  controls  (PSC27c)  (Fig.  3b  and  Supplementary 
Fig.  3c, d),  confirming  that  WNT16B  can  promote  phenotypic  changes 
in  tumor  cells  through  paracrine  mechanisms. 

The  DDSP  comprises  a  diverse  spectrum  of  secreted  proteins  with 
the  potential  to  alter  the  phenotypes  of  neighboring  cells  (Fig.  lc). 
We  next  sought  to  determine  to  what  extent  WNT16B  is  responsible 
for  such  effects  in  the  context  of  the  amalgam  of  factors  induced  by 
DNA  damage.  Conditioned  medium  from  irradiated  PSC27  fibro¬ 
blasts  (PSC27-RAD),  representing  the  full  DDSP,  increased  the  pro¬ 
liferation  (between  1.5-fold  and  twofold,  P  <  0.05)  and  invasiveness 
(between  threefold  and  fourfold,  P  <  0.05)  of  neoplastic  epithelial  cells 
compared  to  conditioned  medium  from  untreated  PSC27  fibroblasts 


(Fig.  3c, d).  Compared  to  irradiated  PSC27  cells  expressing  control 
shRNAs,  conditioned  medium  from  PSC27-RAD  +  shRNAWNT16B 
fibroblasts  reduced  these  responses  to  the  full  DDSP  by  between  15% 
and  35%,  depending  on  the  cell  line  (P  <  0.05)  (Fig.  3c, d). 

To  investigate  the  in  vivo  consequences  of  WNT16B  expression  in 
the  tumor  microenvironment,  we  combined  nontumorigenic  BPH1  or 
tumorigenic  PC3  cells  with  PSC27WNT16B  (BPH1+PSC27WNT16B  and 
PC3+PSC27WNT16B,  respectively)  or  control  PSC27  (BPHl+PSC27c 
and  PC3+PSC27c,  respectively)  fibroblasts  and  implanted  the  recom¬ 
binants  under  the  renal  capsule  of  recipient  mice  (Fig.  3e).  At  8  weeks 
after  implantation,  BPH1+PSC27WNT16B  grafts  were  larger  than 
BPHl+PSC27c  grafts  (-200  mm3  compared  to  -10  mm3,  respectively; 
P<  0.001)  (Supplementary  Fig.  3e).  PC3+PSC27WNT16B  recombinants 
generated  very  large  poorly  differentiated  and  invasive  tumors  with  an 
average  size  of  500  mm3,  which  was  substantially  larger  than  any  of  the 
control  tumors  (P  <  0.001)  (Fig.  3f  and  Supplementary  Fig.  3f). 

In  vivo ,  PC3  cells  combined  with  PSC27-RAD  cells  express¬ 
ing  the  full  fibroblast  DDSP  resulted  in  substantially  larger  tumors 
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Figure  3  WNT16B  is  a  major  effector  of  the  full  DDSP  and  promotes  the  growth  and  invasion  of  prostate  carcinoma,  (a)  Conditioned  medium  from 
WNT16B-expressing  prostate  fibroblasts  (PSC27WNT16B)  promotes  the  proliferation  of  neoplastic  prostate  epithelial  cells.  shRNAc,  control  shRNA; 
shRNAWNT16B#l  and  shRNAWNT16B#2,  WNT16B-specific  shRNAs.  (b)  Scratch  assay  showing  the  enhanced  motility  of  PC3  cells  exposed  to  conditioned 
medium  from  prostate  fibroblasts  expressing  a  control  vector  (PSC27c)  or  fibroblasts  expressing  WNT16B  (PSC27WNT16B).  Scale  bars,  100  pm. 

(c)  The  full  fibroblast  DDSP  induced  by  radiation  (PSC27-RAD)  promotes  the  proliferation  of  tumorigenic  prostate  epithelial  cells.  The  proliferative 
effect  is  significantly  attenuated  by  the  suppression  of  damage-induced  expression  of  WNT16B  (PSC27-RAD+shRNAWNT16B).  (d)  The  full  paracrine¬ 
acting  fibroblast  DDSP  induced  by  radiation  (PSC27-RAD)  promotes  the  invasion  of  neoplastic  epithelial  cells.  Invasion  is  significantly  attenuated 
by  the  suppression  of  damage-induced  expression  of  WNT16B  (PSC27-RAD+shRNAWNT16B).  Data  in  a,  c  and  d  are  mean  ±  s.e.m.  of  triplicates,  with 
P  values  calculated  by  ANOVA  followed  by  f  test,  (e)  Schematic  of  the  xenograft  cell  recombination  experiment  to  assess  the  ability  of  fibroblasts 
expressing  WNT16B  to  influence  prostate  tumorigenesis  in  vivo.  PFC,  prostate  fibroblast  cells;  PC,  prostate  cancer  cells,  (f)  Prostate  fibroblasts 
engineered  to  express  WNT16B  promote  the  growth  of  prostate  carcinoma  in  vivo.  Subrenal  capsule  grafts  comprised  of  PC3  prostate  epithelial  cells 
alone,  PC3  cells  in  combination  with  PSC27c  control  fibroblasts  or  PC3  cells  in  combination  with  psc27WNT16B  fibroblasts  are  shown.  The  green 
dashed  lines  denote  the  size  of  the  tumor  outgrowth  from  the  kidney  capsule,  (g)  Irradiated  prostate  fibroblasts  (PSC27-RAD)  promote  the  growth  of 
prostate  carcinoma  cells  in  vivo,  and  this  effect  is  significantly  attenuated  by  the  suppression  of  fibroblast  WNT16B  using  WNT16B-specific  shRNAs 
(PSC27-RAD+shRNAWNT16B)  (P<  0.05).  Shown  are  tumor  volumes  8  weeks  after  renal  capsule  implantation  of  PC3  and  PSC27  cell  grafts.  In  f  and  g, 
horizontal  lines  denote  the  mean  of  each  group  of  eight  tumors,  and  P  values  were  determined  by  ANOVA  followed  by  t  test. 
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than  PC3  cells  combined  with  untreated  PSC27  control  fibroblasts 
(. P  <  0.001)  (Fig.  3g).  Reducing  the  fibroblast  contribution  of 
WNT16B  attenuated  the  PSC27-RAD  effects:  grafts  of  PC3+PSC27- 
RAD  averaged  380  mm3,  whereas  PC3  cells  combined  with  PSC27- 
RAD+shRNAWNT16B  averaged  280  mm3,  a  -25%  reduction  in  tumor 
size  when  fibroblast  WNT16B  was  suppressed  ( P  <  0.02)  (Fig.  3g). 
Taken  together,  these  findings  show  that  paracrine  WNT16B  activity 


can  promote  tumor  growth  in  vivo  and  accounts  for  a  substantial 
component  of  the  full  DDSP  effect  on  neoplastic  epithelium. 

WNT16B  signals  through  (3-catenin  and  induces  an  EMT 

Having  established  that  WNT16B  can  promote  tumor  growth  through 
paracrine  signaling,  we  next  sought  to  determine  the  mechanism(s) 
by  which  it  does  so.  PSC27WNT16B-conditioned  medium  activated 
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Figure  4  Genotoxic  stress  upregulates  WNT16B  through  NF-kB  and  signals  through  the  canonical  Wnt-|3-catenin  pathway  to  promote  tumor  cell  proliferation 
and  the  acquisition  of  mesenchymal  characteristics,  (a)  Assay  of  canonical  Wnt  pathway  signaling  through  activation  of  a  TCF/LEF  luciferase  reporter  construct 
(TOPflash)  or  a  control  reporter  (FOPflash).  Epithelial  cells  were  exposed  to  conditioned  medium  (CM)  from  PSC27  prostate  fibroblasts  expressing  WNT16B 
(PSC27WNT16B)  or  control  vector  (PSC27c).  Data  are  mean  ±  s.e.m.  of  triplicates,  and  Pvalues  were  determined  by  ANOVA  followed  by  t test,  (b)  qRT-PCR 
assessment  of  the  expression  of  |3-catenin  target  genes  in  prostate  cancer  cell  lines  (BPH1,  M12  and  PC3)  before  and  72  h  after  exposure  to  PSC27WNT16B- 
conditioned  medium.  Data  represent  the  mean  ±  s.e.m.  fold  change  after  as  compared  to  before  exposure  for  three  replicates,  (c)  Expression  of  |3-catenin 
target  genes  in  human  prostate  cancers  in  vivo  after  neoadjuvant  treatment  with  MIT  and  DOC.  Log2  transcript  amounts  in  carcinoma  cells  after  and  before 
chemotherapy  are  shown  in  relation  to  low  (blue)  or  high  (red)  WNT16B  expression  in  the  prostate  stroma.  Each  data  point  represents  an  individual  patient; 
n  =  8  patients.  Horizontal  bars  are  group  means.  *P<  0.05,  **p<  0.01  by  ANOVA  followed  by  ftest.  (d)  The  |3-catenin  pathway  inhibitor  XAV939  suppresses 
the  proliferation  of  prostate  cancer  cells  in  response  to  p$C27WNT16B  CM  and  attenuates  the  response  to  the  full  DDSP  in  PSC27-RAD-conditioned  medium. 

Cell  numbers  were  determined  72  h  after  treatment,  (e)  Quantification  of  transcripts  in  neoplastic  prostate  epithelial  cells  encoding  proteins  associated  with 
a  phenotype  of  EMT.  Measurements  are  from  epithelial  cells  exposed  to  control  media  (DM EM),  media  conditioned  by  PSC27  fibroblasts  (PSC27c)  or  PSC27 
fibroblasts  expressing  WNT16B  (PSC27WNT16B).  E-cad,  E-cadherin;  N-cad,  N-cadherin.  (f)  Analysis  of  EMT-associated  protein  expression  by  western  blot.  M12  or 
PC3  cells  were  exposed  to  control  media,  media  conditioned  by  PSC27  fibroblasts  (PSC27c),  PSC27  fibroblasts  expressing  WNT16B  (PSC27WNT16B)  or  PSC27 
fibroblasts  expressing  WNT1 6 B  and  shRNA  targeting  WNT16B  (PSC27shRNA_WNT16B).  (g)  Chromatin  immunoprecipitation  assays  identified  NF-kB  binding  sites 
within  the  proximal  promoter  of  the  WNT16  gene.  PCR  reaction  products  from  Mock  (no  DNA  loading),  NF-kB  immunoprecipitation,  input  control  DNA  and  no 
antibody  (Ab)  control  before  treatment  (Pre)  and  after  irradiation  (Rad),  pi,  p2  and  p3  indicate  primer  pairs  corresponding  to  putative  NF-kB  binding  regions  in 
WNT16,  IL-6  and  IL-8,  respectively  (see  the  Supplementary  Methods  for  the  primer  sequences),  (h)  Analysis  of  WNT16B  transcript  expression  by  qRT-PCR  in 
PSC27  prostate  fibroblasts  with  (PSC27IkBoc)  or  without  (PSC27c)  inhibition  of  NF-kB  signaling  before  and  after  DNA-damaging  exposures,  (i)  Inhibition  of 
NF-kB  signaling  in  fibroblasts  responding  to  DNA  damage  attenuates  the  effect  of  the  DDSP  on  tumor  cell  proliferation.  Cell  numbers  were  determined  72  h 
after  RAD  exposure  to  conditioned  medium  from  fibroblasts  with  (PSC27IkBoc)  or  without  (PSC27c)  inhibition  of  NF-kB  signaling.  Data  in  d,  e,  h  and  i  are 
mean  ±  s.e.m.  of  triplicates,  and  Pvalues  were  determined  by  ANOVA  followed  by  f  test. 
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canonical  Wnt  signaling  in  BPH1,  PC3  and  M12  prostate  cancer 
cells,  as  measured  by  assays  of  (3-catenin-mediated  transcription 
through  T  cell  factor/lymphoid  enhancer  binding  factor  (TCF/LEF) 
binding  sites  (Fig.  4a).  Known  (3-catenin  target  genes,  including 
AXIN2  and  MYC,  were  upregulated  (approximately  fivefold  and 
over  tenfold,  respectively)  after  exposure  to  WNT16B-enriched 
conditioned  medium  (Fig.  4b).  In  human  prostate  cancers  treated 
with  chemotherapy,  P-catenin  localized  in  the  nucleus  of  tumor 
cells  (Supplementary  Fig.  4a).  We  also  found  that  P-catenin  tar¬ 
get  genes  were  expressed  more  highly  in  tumors  with  elevated 
stromal  WNT16B  expression  relative  to  those  with  low  WNT16B 
expression  ( P  <  0.05)  (Fig.  4c).  To  confirm  that  P-catenin  signaling 
contributed  to  the  epithelial  phenotypes  resulting  from  exposure 
to  PSC27-RAD-conditioned  medium,  we  treated  prostate  cancer 
cells  with  the  tankyrase  inhibitor  XAV939,  which  stabilizes  axin 
and  inhibits  P-catenin-mediated  transcription24.  XAV939  com¬ 
pletely  suppressed  the  proliferative  and  invasive  responses  induced 
by  WNT16B  and  markedly  attenuated  the  effects  of  the  PSC27-RAD 
DDSP  (Fig.  4d  and  Supplementary  Fig.  4b). 

Wnt  signaling  is  known  to  promote  the  acquisition  of  mesenchymal 
cell  characteristics  that  can  influence  the  migratory  and  invasive  behav¬ 
ior  of  epithelial  cells  through  an  EMT25-27.  Loss  of  CDH1  (also  known 
as  E-cadherin),  the  prototypic  epithelial  adhesion  molecule  in  adher¬ 
ens  junctions,  and  gain  of  CDH2  (also  known  as  N-cadherin)  expres¬ 
sion  are  among  the  main  hallmarks  of  an  EMT28,29.  After  exposure 


of  PC3  cells  to  PSC27WNT16B-conditioned  medium,  the  number 
of  E-cadherin  transcripts  decreased  64%,  whereas  the  number  of 
N-cadherin  transcripts  increased  fourfold  (P  <  0.05).  Similar  altera¬ 
tions  occurred  in  M12  and  BPH1  cells  (Fig.  4e,f).  Inhibiting  P-catenin 
pathway  signaling  with  XAV939  in  epithelial  cells  blocked  the 
WNT16B-induced  EMT-associated  gene  expression  (Supplementary 
Fig.  4c).  Exposure  to  PSC27WNT16B-conditioned  medium  also  pro¬ 
moted  mesenchymal  characteristics  in  MDA-MD-231  breast  cancer 
and  SKOV3  ovarian  cancer  cells  (Supplementary  Fig.  4d). 

Genotoxic  stress  induces  WNT16B  expression  through  NF-kB 

A  key  pathway  linking  DNA  damage  with  apoptosis,  senescence  and 
DNA  repair  mechanisms  involves  activating  the  NF-kB  complex30,31. 
NF-kB  is  also  pivotal  in  mediating  the  stress-associated  induction  of 
inflammatory  networks,  including  the  upregulation  and  secretion 
of  interkeukin-6  (IL-6)  and  IL-8  (refs.  23,32).  We  therefore  sought 
to  determine  whether  DNA-damage-induced  WNT16B  expres¬ 
sion  is  mediated  by  NF-kB.  We  identified  NF-kB  binding  motifs 
in  the  WNT16B  promoter  region  and  confirmed  their  function 
using  WNT16B  promoter  constructs.  Compared  to  untreated  cells, 
both  RAD  and  tumor  necrosis  factor  a  (TNF-a),  which  are  known 
NF-kB  activators,  induced  WNT16B  reporter  activity  (P  <  0.01)  (Fig.  4g 
and  Supplementary  Fig.  5a-d).  We  next  generated  PSC27  prostate 
fibroblasts  with  stable  expression  of  a  mutant  nuclear  factor  of  K  light 
polypeptide  gene  enhancer  in  B  cells  inhibitor,  a  (IkBoc)  (PSC27IkBoc), 


Figure  5  Paracrine-acting  WNT16B  promotes  the  resistance  of  prostate  carcinoma  to  cytotoxic  chemotherapy,  (a)  Viability  of  prostate  cancer  cells  3  d 
after  treatment  with  a  half-maximal  inhibitory  concentration  (IC50)  of  MIT  and  medium  conditioned  by  fibroblasts  with  (PSC27WNT16B)  or  without 
(PSC27c)  WNT16B.  (b)  Bright  field  microscopic  view  of  PC3  cells  cultured  with  control  or  PSC27WNT16B-conditioned  medium  photographed  24  h  after 
exposure  to  vehicle  or  the  IC50  of  MIT.  Arrowheads  denote  apoptotic  cell  bodies.  Scale  bars,  50  pm.  (c)  Acute  tumor  cell  responses  to  chemotherapy 
in  vitro.  Quantification  of  apoptosis  by  assays  reflecting  combined  caspase  3  and  7  activity  measured  24  h  after  the  exposure  of  PC3  cells  to  vehicle  or 
the  IC50  of  MIT.  Data  in  a  and  c  are  mean  ±  s.e.m.  of  triplicate  experiments,  and  Pvalues  were  determined  by  ANOVA  followed  by  f  test.  RLU,  relative 
luciferase  unit,  (d)  In  vivo  responses  of  PC3  tumors  to  MIT  chemotherapy.  Grafts  were  comprised  of  PC3  cells  alone  or  PC3  cells  combined  with  either 
PSC27  prostate  fibroblasts  expressing  a  control  vector  (PC3+PSC27c)  or  PSC27  prostate  fibroblasts  expressing  WNT16B  (PC3+PSC27WNT16B).  MIT 
was  administered  every  2  weeks  for  three  cycles,  and  grafts  were  harvested  and  tumor  volumes  determined  1  week  after  the  final  MIT  treatment.  Each 
data  point  represents  an  individual  xenograft.  Horizontal  lines  are  group  means  of  ten  tumors,  with  Pvalues  determined  by  ANOVA  followed  by  f  test. 

(e)  Acute  tumor  cell  responses  to  chemotherapy  in  vivo.  Quantification  of  apoptosis  by  cleaved  caspase  3  (C-caspase  3)  IHC  and  of  DNA  damage  by 
y-H2AX  immunofluorescence  in  PC3  and  fibroblast  xenografts  measured  24  h  after  in  vivo  treatment  with  vehicle  (C)  or  MIT.  Values  represent  a 
minimum  of  100  cells  counted  from  each  of  3-5  tumors  per  group.  Data  are  mean  ±  s.e.m.,  and  Pvalues  were  determined  by  ANOVA  followed  by  t test. 
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which  prevents  IkB  kinase  (IKK) -dependent  degradation  of  IkBoc 
and  thus  attenuates  NF-kB  signaling.  After  irradiation  of  PSC27  cells, 
NF-kB  translocated  to  the  nucleus  and  induced  NF-kB  reporter  activ¬ 
ity  >  100-fold  (Supplementary  Fig.  5d,e).  In  comparison,  the  amount 


of  nuclear  NF-kB  in  PSC27IkBoc-RAD  cells  was  markedly  lower. 
The  PSC27IkBoc  cells  with  impaired  NF-kB  activation  had  a  significant 
attenuation  of  induction  of  WNT16B  expression  after  treatment  with 
BLEO  or  RAD  ( P  <  0.05)  (Fig.  4h). 
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Figure  6  Chemotherapy  resistance  promoted  by 
damaged  fibroblasts  is  attenuated  by  blocking 
WNT16B,  |3-catenin  or  NF-kB  signaling,  (a)  Viability 
of  prostate  cancer  cells  across  a  range  of  MIT 
concentrations  with  (PSC27-RAD+shRNAWNT16B) 
or  without  (PSC27-RAD+shRNAc)  the  suppression 
of  WNT16B  in  irradiated-fibroblast-conditioned 
medium  or  with  the  addition  of  the  p-caten i n 
pathway  inhibitor  XAV939.  Data  are  mean  ±  s.e.m. 
of  triplicates,  (b)  Viability  of  prostate  cancer 
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cycle  2 


Senescence 

reinforcement 


Apoptotic  cell  DDR  activated 


MIT  in  the  context  of  conditioned  medium  from  ^ 

irradiated  prostate  fibroblasts  (PSC27-RAD)  ^ 

expressing  shRNAs  targeting  and  suppressing 
WNT16B  (shRNAWNT16B),  a  vector  control  (shRNAc) 

or  combined  with  the  |3-catenin  pathway  inhibitor  XAV939.  (c)  Viability  of  prostate  cancer  cells  3  d  after  treatment  with  the  IC50  of  MIT  in  the  context  of 
conditioned  medium  from  prostate  fibroblasts  pretreated  with  radiation  (PSC27-RAD)  or  MIT  (PSC27-MIT)  and  with  (PSC27IkBoc)  or  without  (PSC27c) 
the  suppression  of  NF-kB  signaling,  (d)  Acute  tumor  cell  responses  to  chemotherapy  in  vitro.  Quantification  of  apoptosis  by  caspase  3  and  7  activity 
measured  24  h  after  the  exposure  of  PC3  cells  to  vehicle  or  the  IC50  of  MIT.  Data  for  b,  c  and  d  are  mean  ±  s.e.m.  of  triplicates,  and  P  values  were 
determined  by  ANOVA  followed  by  ftest.  (e,f)  In  vivo  effects  of  MIT  chemotherapy  in  the  context  of  suppressing  the  induction  of  the  expression  of 
fibroblast  WNT16B.  Tumors  comprised  PC3  cells  in  combination  with  irradiated  (PSC27-RAD)  fibroblasts  (e)  or  unirradiated  (PSC27c)  (f)  prostate 
fibroblasts  expressing  shRNAs  targeting  WNT16B  (shRNAWNT16B)  or  a  vector  control  (shRNAc).  MIT  was  administered  every  2  weeks  for  three  cycles, 
and  grafts  were  harvested  and  tumor  volumes  determined  1  week  after  the  final  treatment.  Each  data  point  represents  an  individual  xenograft.  Tumor 
volumes  of  PSC27c+shRNAc  grafts  in  f  averaged  20  mm3,  and  tumor  volumes  of  PSC27c+shRNAWNT16B  grafts  averaged  12  mm3  (P  <  0.001). 

Horizontal  lines  are  group  means,  with  n  =  10  in  e  and  n  =  8  in  f.  Pvalues  were  determined  by  ANOVA  followed  by  t test.  The  bracket  boundaries  in 
f  are  the  group  means  for  PSC27c+shRNAc  grafts  compared  to  PSC27c+shRNAWNT16B  grafts  showing  a  40%  difference  in  size.  Asterisks,  as  for  the 
previous  panel,  (g)  Model  for  cell  nonautonomous  therapy-resistance  effects  originating  in  the  tumor  microenvironment  in  response  to  genotoxic  cancer 
therapeutics.  The  initial  round  of  therapy  engages  an  apoptotic  or  senescence  response  in  subsets  of  tumor  cells  and  activates  a  DNA  damage  response 
(DDR)  in  DDR-competent  benign  cells  (+DDR)  comprising  the  tumor  microenvironment.  The  DDR  includes  a  spectrum  of  autocrine-  and  paracrine¬ 
acting  proteins  that  are  capable  of  reinforcing  a  senescent  phenotype  in  benign  cells  and  promoting  tumor  repopulation  through  progrowth  signaling 
pathways  in  neoplastic  cells.  Paracrine-acting  secretory  components  such  as  WNT16B  also  promote  resistance  to  subsequent  cycles  of  cytotoxic 
therapy.  CEC,  cancer  epithelial  cell;  BEC,  benign  epithelial  cell;  FC,  fibroblast  cell;  -DDR,  DDR-incompetent  benign  cells. 
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We  next  determined  whether  suppressing  fibroblast  NF-kB  signaling 
in  response  to  DNA  damage  would  attenuate  the  pro-proliferative  effects 
of  the  PSC27-RAD  DDSP.  Whereas  PSC27-RAD-conditioned  medium 
promoted  prostate  epithelial  cell  proliferation,  conditioned  medium 
from  PSC27IkBoc-RAD  cells  failed  to  do  so  (Fig.  4i).  These  experiments 
identify  WNT16B  as  a  new  member  of  the  cellular  genomic  program 
that  is  regulated  by  NF-kB  signaling  in  response  to  DNA  damage. 

Paracrine  WNT16B  attenuates  the  effect  of  cytotoxic  therapy 

The  preceding  experiments  suggested  that  in  addition  to  tumor- 
promoting  effects,  paracrine-acting  WNT16B  may  influence  the 
responses  of  tumors  to  genotoxic  cancer  therapeutics.  To  evaluate 
this  possibility,  we  studied  MIT,  a  type  2  topoisomerase  inhibi¬ 
tor  that  produces  DNA  strand  breaks,  leading  to  growth  arrest, 
senescence  or  apoptosis,  which  is  in  clinical  use  for  the  treat¬ 
ment  of  advanced  prostate  cancer.  Prostate  cancer  cells  exposed  to 
PSC27WNT16B-conditioned  medium  compared  to  control  medium 
consistently  showed  significant  attenuation  of  chemotherapy- 
induced  cytotoxicity  across  a  range  of  MIT  concentrations  after  3  d 
(. P  <  0.05)  (Fig.  5a  and  Supplementary  Fig.  6a).  Short-term  cell 
viability  assays  confirmed  that,  compared  to  controls,  PSC27WNT16B- 
conditioned  medium  improved  cancer  cell  survival  after  acute  12-h 
exposures  to  MIT  ( P  <  0.01)  (Supplementary  Fig.  6b).  Apoptotic 
responses  measured  after  24  h  of  MIT  exposure  were  substantially 
attenuated  by  PSC27WNT16B-conditioned  medium  ( P  <  0.01),  an 
effect  that  was  blocked  by  treatment  with  XAV939  (Fig.  5b, c).  To 
determine  whether  these  observations  were  of  relevance  to  tumor 
therapy  in  vivo ,  we  treated  mice  with  tumor  grafts  comprised  of  PC3 
cells  plus  PSC27WNT16B  or  PSC27c  fibroblasts  with  three  cycles  of 
MIT  given  every  other  week.  MIT  treatment  significantly  reduced 
the  tumor  volumes  ( P  <  0.001).  However,  grafts  of  tumor  cells  with 
PSC27WNT16B  fibroblasts  attenuated  the  tumor  inhibitory  effects  of 
MIT  compared  to  tumor  cells  grafted  with  control  PSC27  fibroblasts: 
PC3+PSC27c  and  PC3+PSC27WNT16B  tumors  averaged  13  mm3 
and  78  mm3,  respectively  (P  <  0.001)  (Fig.  5d).  Experiments  using 
©  MDA-MB-231  breast  cancer  cells  plus  breast  fibroblasts  produced 
similar  results  (Supplementary  Fig.  6c).  To  evaluate  the  influence  of 
Oik  WNT 1 6B  on  the  acute  effects  of  chemotherapy,  we  examined  cohorts 

of  PC3+PSC27c  and  PC3+PSC27WNT16B  xenografts  24  h  after  MIT 
treatment  to  quantify  DNA  damage  using  y-H2AX  immunofluores¬ 
cence  and  apoptosis  using  cleaved  caspase  3  immunohistochemistry 
(IHC).  Compared  to  PC3+PSC27c  grafts,  there  was  no  difference  in 
the  number  of  DNA  damage  foci  in  PC3+PSC27WNT16B  tumors,  but 
significantly  fewer  apoptotic  cells  were  present  (34%  compared  to 
14%,  respectively;  P  <  0.05)  (Fig.  5e). 

The  conditioned  medium  from  PSC27-RAD  cells,  representing  the 
full  fibroblast  DDSP,  significantly  increased  the  viability  of  PC3  can¬ 
cer  cells  exposed  to  MIT  concentrations  ranging  between  0.1-1  pM 
in  vitro  ( P  <  0.01)  (Fig.  6a).  In  comparison  to  PSC27-RAD- 
conditioned  medium,  PSC27-RAD+shRNAWNT16B  or  PSC27IkBocRAD 
fibroblasts,  engineered  to  suppress  WNT16B  expression  or 
NF-kB  activation,  respectively,  substantially  augmented  the  effects  of 
MIT,  further  increasing  apoptosis  and  reducing  tumor  cell  viability 
by  30-40%.  Blocking  p-catenin  signaling  in  carcinoma  cells  with 
XAV939  also  attenuated  the  effects  of  PSC27-RAD-conditioned 
medium  on  promoting  tumor  cell  survival  (Fig.  6b-d  and 
Supplementary  Fig.  7a, b).  This  effect  of  WNT16B  was  also  evident 
in  vivo.  PC3+PSC27-RAD  tumor  grafts  averaged  300  mm3  in  size 
compared  to  25  mm3  for  grafts  of  PC3  cells  alone  (P  <  0.001).  MIT 
chemotherapy  suppressed  the  growth  of  the  PC3+PSC27-RAD  grafts, 


though  residual  tumors  were  still  readily  detectable  and  averaged 
55  mm3  in  size  (Fig.  6e).  However,  after  MIT  treatment,  residual 
tumors  of  PC3  cells  with  PSC27-RAD  +  shRNAWNT16B  fibroblasts, 
with  attenuated  WNT16B  induction,  were  on  average  -33%  smaller 
than  PC3+PSC27-RAD  tumors  (P  <  0.001)  (Fig.  6e).  Experiments 
with  MDA-MD-231  cells  and  breast  fibroblasts  produced  similar 
results  (Supplementary  Fig.  7c).  To  more  accurately  mimic  the 
clinical  situation  of  cancer  therapy,  we  also  grafted  tumor  cells  with 
unirradiated  PSC27  fibroblasts  (PSC27c)  and  followed  the  same  treat¬ 
ment  schema  of  three  MIT  cycles.  Tumors  from  mice  treated  with 
MIT  were  substantially  smaller  than  tumors  from  untreated  mice 
(P  <  0.001).  Attenuating  the  induction  of  WNT16B  further  enhanced 
the  effects  of  chemotherapy:  after  MIT  treatment,  grafts  of  PC3  cells 
and  PSC27c  +  shRNAWNT16B  were  on  average  40%  smaller  than  grafts 
of  PC3  cells  combined  with  PSC27c  cells  without  shRNAWNT16B 
(P  <  0.001)  (Fig.  6f  and  Supplementary  Fig.  7d). 

DISCUSSION 

Optimizing  radiotherapy  and  chemotherapy  for  the  treatment  of 
malignant  neoplasms  has  relied  on  the  iterative  development  and 
testing  of  models  involving  tumor  growth  dynamics,  mutation  rates 
and  cell-kill  kinetics.  However,  the  most  theoretically  effective  tumor- 
icidal  strategies  must  usually  be  tempered  because  of  detrimental 
effects  to  the  host.  This  reality  has  led  to  the  development  of  regimens 
in  which  therapies  are  administered  at  intervals  or  cycles  to  avoid 
irreparable  damage  to  vital  host  functions.  However,  the  recovery  and 
repopulation  of  tumor  cells  between  treatment  cycles  is  a  major  cause 
of  treatment  failure15,16.  Interestingly,  rates  of  tumor  cell  repopula¬ 
tion  have  been  shown  to  accelerate  in  the  intervals  between  succes¬ 
sive  courses  of  treatment,  and  solid  tumors  commonly  show  initial 
responses  followed  by  rapid  regrowth  and  subsequent  resistance  to 
further  chemotherapy.  Our  results  indicate  that  damage  responses  in 
benign  cells  comprising  the  tumor  microenvironment  may  directly 
contribute  to  enhanced  tumor  growth  kinetics  (Fig.  6g). 

The  autocrine-  and  paracrine-acting  influences  of  genotoxic  stress 
responses  can  exert  complex  and  potentially  conflicting  cell  non- 
autonomous  effects33,34.  Overall,  our  findings  are  in  agreement  with 
studies  of  DNA  damage  in  which  the  execution  of  a  signaling  program 
culminating  in  a  senescence  phenotype  is  accompanied  by  elevated 
concentrations  of  specific  extracellular  proteins  termed  a  senescence 
messaging  secretome’  or  a  senescence-associated  secretory  pheno¬ 
type’33,34.  DNA  damage  responses  and  senescence  programs  can  clearly 
operate  in  a  cell  autonomous  ‘intrinsic’  manner  to  arrest  cell  growth 
and  inhibit  tumor  progression,  as  has  been  observed  in  premalignant 
nevi35.  Secreted  factors  such  as  insulin-like  growth  factor  binding 
protein  7  (IGFBP7)  and  the  chemokine  (C-X-C  motif)  receptor  2 
(CXCR2)  ligands  IL-6  and  IL-8  participate  in  a  positive  feedback  loop 
to  fortify  the  senescence  growth  arrest  induced  by  oncogenic  stress  and 
also  promote  immune  responses  that  clear  senescent  cells  and  enhance 
tumor  regression23,32,36,37.  However,  in  addition  to  proinflammatory 
cytokines,  the  damage  response  program  comprises  proteases  and 
mitogenic  growth  factors,  such  as  MMPs,  hepatocyte  growth  factor 
(HGF),  vascular  endothelial  growth  factor  (VEGF)  and  epidermal 
growth  factor  receptor  (EGFR)  ligands  that  have  clear  roles  in  pro¬ 
moting  tumor  growth,  inhibiting  cellular  differentiation,  enhancing 
angiogenesis  and  influencing  treatment  resistance19,20,38.  This  con¬ 
cept  is  supported  by  reports  of  tissue-specific  chemoresistant  survival 
niches  involving  hematopoietic  neoplasms,  such  as  lymphomas39.  The 
situation  also  has  parallels  with  studies  of  radiation  and  chemotherapy 
paradoxically  promoting  tumor  dissemination40. 
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Collectively,  these  studies  support  several  conclusions:  first,  the  out¬ 
comes  of  genotoxic  exposures  to  any  specific  benign  or  neoplastic  cell 
depend  on  the  integration  of  innate  damage  response  capabilities  and 
the  context  that  is  dictated  by  the  composition  of  the  tumor  microenvi¬ 
ronment;  second,  although  intrinsic  drug  resistance  is  clearly  operative 
in  some  cancers,  acquired  resistance  can  also  occur  without  alterations 
in  intrinsic  cellular  chemosensitivity41,  and  our  results  provide  strong 
support  for  previous  studies  that  implicate  constituents  of  the  tumor 
microenvironment  as  important  contributors  to  this  resistance42-44; 
and  third,  specific  microenvironment  DDSP  proteins  that  promote 
therapy  resistance  such  as  WNT16B  are  attractive  targets  for  augment¬ 
ing  responses  to  more  general  genotoxic  therapeutics.  However,  the 
complexity  of  the  damage  response  program  also  supports  strategies 
that  are  focused  on  inhibiting  upstream  master  regulators,  such  as 
NF-kB45,  that  maybe  more  efficient  and  effective  adjuncts  to  cytotoxic 
therapies,  provided  their  side  effects  are  tolerable. 

METHODS 

Methods  and  any  associated  references  are  available  in  the  online 
version  of  the  paper. 

Accession  codes.  Microarray  data  are  deposited  in  the  Gene 
Expression  Omnibus  database  with  accession  code  GSE26143. 

Note:  Supplementary  information  is  available  in  the  online  version  of  the  paper. 
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ONLINE  METHODS 

Cell  cultures  and  treatments.  We  obtained  epithelial  cell  lines  from  the 
American  Type  Culture  Collection  and  cultured  them  according  to  the  recom¬ 
mended  protocols.  Fibroblasts  were  grown  until  they  were  80%  confluent  and 
were  then  treated  with  0.6  mM  hydrogen  peroxide  (PSC27-H202),  10  jig  ml-1 
bleomycin  (PSC27-BLEO),  1  jlM  mitoxantrone  (PSC27-MIT)  or  ionizing  radia¬ 
tion  by  a  137Cesium  source  at  743  rad  min-1  (PSC27-RAD).  Additional  details  of 
the  cell  culture  methods  are  provided  in  the  Supplementary  Methods. 

Gene  expression  analysis.  We  extracted  total  RNA  from  PSC27  cells  using  the 
RNeasykit  (QIAGEN),  converted  mRNAs  to  complementary  DNAs  (cDNAs)  and 
amplified  the  cDNAs  for  one  round  using  the  MessageAmp  aRNA  Kit  (Ambion), 
followed  by  aminoallyl-UTP  incorporation  into  a  second- round  of  amplification 
of  the  RNA.  Samples  were  labeled  with  fluorescence  dyes  and  hybridized  to  44K 
Whole  Human  Genome  Expression  Microarray  slides  in  accordance  with  the 
manufacturer’s  instructions  (Agilent  Technologies).  Additional  assays  of  tran¬ 
script  abundance  were  performed  by  qRT-PCR  (Supplementary  Methods). 

Immunohistochemistry.  We  used  a  mouse  monoclonal  antibody  to  WNT16B 
(product  number  552595,  clone  F4-1582,  BD  Pharmingen)  at  a  dilution  of 
1:16,000  to  immunolocalize  WNT16B  protein  using  an  indirect  three-step 
avidin-biotin-peroxidase  method  according  to  the  manufacturer’s  instructions 
(VECTASTAIN  Elite  ABC  Kit,  Vector  Labs).  The  expression  of  WNT16B  by 
epithelium  or  fibromuscular  stromal  cells  in  each  tissue  section  was  recorded  on 
a  4-point  scale  as  follows:  3  for  intensely  expressed,  2  for  moderately  expressed, 
1  for  faintly  or  equivocally  expressed  and  0  for  no  expression  of  WNT16B  by  any 
stromal  cells.  Additional  details  are  provided  in  the  Supplementary  Methods. 

Characterization  of  cell  phenotypes.  We  assessed  cell  proliferation  using  the 
CellTiter  96  AQueous  One  Solution  Cell  Proliferation  Assay  (MTS),  with  signals 
being  captured  using  a  96-well  plate  reader.  Serum-starved  cells  for  transwell 
migration  and  invasion  assays  were  added  to  the  top  chambers  of  Cultrex  24- 
well  Cell  Migration  Assay  plates  (8  Jim  pore  size)  coated  with  or  without  base¬ 
ment  membrane  extract  prepared  as  0.5x  of  stock  solution.  After  12  h  or  24  h, 
migrating  or  invading  cells  in  the  bottom  chambers  were  stained,  and  the  plate 
absorbance  was  recorded.  Chemoresistance  assays  were  performed  using  epi¬ 
thelial  cells  cultured  with  either  DMEM  and  low  serum  (0.5%  FCS)  (denoted 
here  as  ‘DMEM’)  or  conditioned  medium  generated  from  PSC27  cells  expressing 
vector  controls,  WNT16B  or  shRNAs.  Cells  received  mitoxantrone  treatment 
©  for  12  h,  24  h  or  72  h  at  concentrations  near  the  IC50  of  each  individual  cell  line. 


The  percentage  of  viable  cells  was  calculated  by  comparing  the  results  of  each 
experiment  to  the  results  from  vehicle-treated  cells.  Each  assay  was  repeated  a 
minimum  of  three  times,  with  results  reported  as  means  ±  s.e.m. 

In  vivo  studies.  The  Institutional  Animal  Care  and  Use  Committee  (IACUC) 
of  Fred  Hutchinson  Cancer  Research  Center  reviewed  and  approved  the  animal 
protocols  and  procedures,  with  surgeries  carried  out  per  the  US  National 
Institutes  of  Health  Guide  for  laboratory  animals.  To  prepare  tissue  recom¬ 
binants,  250,000  fibroblasts  (PSC27  series)  and  epithelial  cells  were  mixed 
at  a  1:1  ratio  in  collagen  gels.  ICR-severe  combined  immuno deficient  (SCID) 
male  mice,  obtained  from  Taconic,  Inc,  were  anesthetized  with  isoflurane, 
and  an  oblique  incision  (<1  cm)  was  made  on  the  kidney  capsule  surface  par¬ 
allel  and  adjacent  to  the  long  axis  of  each  kidney.  Cells  were  injected  under 
the  capsule  with  a  blunt  25-gauge  needle  and  a  glass  Hamilton  syringe.  The 
kidney  was  returned  to  the  retroperitoneal  space,  and  the  skin  was  closed  with 
surgical  staples.  The  growth  of  the  xenografts  was  assessed  at  weekly  intervals, 
and  the  mice  were  killed  at  8  weeks  after  transplantation.  Each  xenograft  arm 
comprised  5-8  mice  per  xenograft  type,  either  of  individual  cells  or  combina¬ 
tions  of  fibroblasts  and  epithelial  cells.  Additional  details  are  provided  in  the 
Supplementary  Methods. 

For  the  chemotherapy  studies,  mice  received  cell  grafts  as  described  above  and 
were  followed  for  2  weeks  to  allow  tumor  take.  Starting  from  the  third  week  after 
grafting,  mice  received  mitoxantrone  at  a  dose  of  0.2  mg  per  kg  intraperitoneally 
on  day  1  of  week  3,  week  5  and  week  7  (ref.  46).  In  total,  three  2-week  cycles 
were  given,  after  which  the  mice  were  killed  and  their  kidneys  were  removed 
for  tumor  measurements  and  histological  analysis.  Each  experimental  arm  com¬ 
prised  5-8  mice  per  treatment  cohort.  Additional  details  are  provided  in  the 
Supplementary  Methods. 

Statistical  analyses.  All  in  vitro  experiments  were  repeated  at  least  three 
times,  and  data  are  reported  as  means  ±  s.e.m.  Differences  among  groups 
and  treatments  were  determined  by  ANOVA  followed  by  t  tests.  P  <  0.05  was 
considered  significant. 

Additional  methods.  Detailed  methodology  is  described  in  the  Supplementary 
Methods. 

46.  Alderton,  P.M.,  Gross,  J.  &  Green,  M.D.  Comparative  study  of  doxorubicin, 
mitoxantrone,  and  epirubicin  in  combination  with  ICRF-187  (ADR-529)  in  a  chronic 
cardiotoxicity  animal  model.  Cancer  Res.  52,  194-201  (1992). 
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Abstract 

The  armamentarium  of  therapeutics  used  to  treat  cancer  patients  relies  heavily  on  ionizing  radiation  and 
chemotherapeutic  drugs  that  severely  damage  DNA.  Tumor  cells'  responses  to  such  treatments  are  heavily 
influenced  by  their  environment:  Physical  contacts  with  structural  elements  such  as  the  extracellular  matrix, 
associations  with  resident  and  transitory  benign  cells  such  as  fibroblasts  and  leukocytes,  and  interactions 
with  numerous  soluble  endocrine  and  paracrine-acting  factors  all  modulate  tumor-cell  behavior.  Of 
importance,  this  complex  tumor  microenvironment  is  not  static  and  dynamically  responds  to  a  variety 
of  stimuli.  Here,  we  describe  emerging  data  indicating  that  genotoxic  cancer  treatments  activate  highly 
conserved  damage  response  programs  in  benign  constituents  of  the  tumor  microenvironment.  These 
damage  signals,  transmitted  via  master  regulators  such  as  NF-kB,  culminate  in  a  powerful  and  diverse 
secretory  program  that  generates  a  proangiogenic,  proinflammatory  microenvironment.  Constituents  of 
this  program  include  interleukin  (IL)-6,  IL-8,  hepatocyte  growth  factor,  amphiregulin,  matrix  metallopro- 
teinases,  and  other  factors  that  have  been  shown  to  promote  adverse  tumor-cell  phenotypes,  such  as 
enhanced  resistance  to  treatment  and  rapid  tumor  repopulation.  A  detailed  understanding  of  these  survival 
signals  induced  in  the  context  of  genotoxic  stress  provides  a  platform  for  developing  combinatorial 
treatment  strategies  that  take  into  account  malignant  cells,  the  tumor  microenvironment,  and  the  dynamics 
exerted  by  the  treatment  itself.  Clin  Cancer  Res;  18(15);  4019-25.  ©2012  AACR. 


Background 

Since  the  advent  of  modern  cancer  therapeutics  that 
involve  the  administration  of  drugs  and  ionizing  radiation 
to  eradicate  neoplastic  cells,  both  de  novo  and  acquired 
resistance  have  been  recognized  as  major  barriers  to  cures. 
Most  cancer-directed  therapeutics  fall  broadly  into  3  classes 
that  exploit  differential  vulnerabilities  in  malignant  tumors 
relative  to  benign  tissue  counterparts.  The  most  commonly 
deployed  therapies  inflict  substantial  damage  to  nuclear 
DNA  or  cell  division  machinery,  resulting  in  genotoxic 
catastrophe  or  the  engagement  of  damage  response 
mechanisms  that  halt  cell  proliferation.  However,  the  lack 
of  specificity  of  these  interventions  limits  doses  to  avoid 
collateral  damage  to  normal  tissues.  A  second  category  of 
cancer  therapeutics  has  emerged  through  a  detailed  under¬ 
standing  of  oncogenic  pathways  that  direct  targeted  inhi¬ 
bition  of  key  drivers  such  as  kinases,  growth  factors,  and 
growth  factor  receptors.  A  third  approach  to  treat  cancer 
exploits  mounting  information  implicating  the  important 


Authors1  Affiliations:  division  of  Human  Biology,  Fred  Hutchinson 
Cancer  Research  Center,  and  2School  of  Medicine,  University  of  Washing¬ 
ton,  Seattle,  Washington 

Corresponding  Author:  Peter  S.  Nelson,  Division  of  Human  Biology,  Fred 
Hutchinson  Cancer  Research  Center,  1100  Fairview  Avenue  North,  MS  D4- 
100,  Seattle,  WA  91809.  Phone:  206-667-3377;  Fax:  206-667-2917; 
E-mail:  pnelson@fhcrc.org 

doi:  10.11 58/1 078-0432.CCR-1 1  -0768 

©2012  American  Association  for  Cancer  Research. 


contribution  of  the  microenvironments  within  which 
tumor  cells  develop,  proliferate,  and  (in  the  case  of  metas¬ 
tasis)  colonize  and  occupy  distant  sites.  Such  strategies 
include  inhibiting  new  vasculature  and  augmenting 
immune  system  responses. 

Each  of  the  above  categories  of  cancer  treatments  includes 
agents  that  are  capable  of  markedly  suppressing  tumor 
growth,  but  each  also  suffers  from  failures  due  to  the 
engagement  or  selection  of  resistance  programs.  Tumor¬ 
cell-autonomous  or  intrinsic  resistance  mechanisms  such 
as  the  activation  of  multidrug  resistance  efflux  pumps, 
activation  of  bypass  signaling  pathways,  and  secondary 
mutations  in  drug  targets  are  well  established,  and  designs 
of  therapeutics  have  iteratively  evolved  to  exploit  these 
molecular  alterations.  Less  well  studied  are  factors  that 
contribute  to  cell-nonautonomous  or  extrinsic  mediators 
of  therapy  resistance,  such  as  those  provided  by  nonmalig- 
nant  cells  and  structural  constituents  of  the  tumor  micro¬ 
environment.  Recent  work  has  defined  niches  within  tissues 
and  organs  that  offer  sanctuary  to  tumors  and  activate 
therapy  resistance  programs.  In  several  notable  instances, 
efforts  to  exploit  these  tumor-host  dynamics  have  led  to 
successful  clinical  translation  to  affect  patient  survival.  Here 
we  discuss  mechanisms  by  which  tumor  and  host  interac¬ 
tions  in  the  microenvironment  influence  treatment  resis¬ 
tance,  with  an  emphasis  on  reactions  and  responses 
induced  by  the  cancer  therapeutics  themselves  that  have 
the  potential  to  attenuate  treatment  lethality  and  paradox¬ 
ically  promote  tumor  cell  survival. 
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Therapy  Resistance 

Tumor  microenvironment 

Neoplasms  arise  and  grow  in  complex  and  dynamic 
ecosystems.  For  most  types  of  solid  tumors,  the  microen¬ 
vironment  is  comprised  of  numerous  resident  benign  cell 
types  derived  from  distinct  developmental  lineages,  as 
well  as  nonresident  cell  types  that  may  be  transient  or  may 
persist  to  become  permanent  components  of  an  evolving 
interactive  bionetwork.  A  structural  framework  provided  by 
insoluble  matrix  proteins  and  gradients  of  diffusible  growth 
factors,  hormones,  oxygen,  reactive  oxygen  species,  and 
nutrients  adds  to  the  complexity. 

Of  importance,  many  facets  of  the  tumor  microenviron¬ 
ment  are  capable  of  profoundly  influencing  the  behavior  of 
preneoplastic  and  overtly  malignant  cells.  In  contrast  with 
fibroblasts  derived  from  benign  tissues,  cancer-associated 
fibroblasts  can  augment  the  growth  of  preneoplastic 
cells  and  influence  invasive  tumor  behavior  in  a  number 
of  organs,  including  the  prostate,  breast,  and  stomach 
(1-3).  Likewise,  inflammatory  cell  components  such  as 
B  cells,  T  cells,  and  macrophages  can  promote  adverse 
cancer  phenotypes  within  the  skin,  breast,  and  other  tissues 
(4,  5).  The  existence  of  a  temporally  dynamic  microenvi¬ 
ronment  is  evident  in  studies  such  as  those  showing  that  a 
normal  young  liver  microenvironment  is  tumor  suppres¬ 
sive,  whereas  a  normal  aged  liver  microenvironment  is 
permissive  for  tumor  establishment  and  progression  (6). 
Similarly,  detailed  studies  of  tumor  hypoxia,  pH,  angiogen¬ 
esis,  and  rigidity  have  clearly  shown  that  these  and  other 
attributes  of  the  microenvironment  can  produce  major 
changes  in  tumor  phenotypes. 

Although  recent  findings  emphasize  the  importance  of 
studying  tumor  characteristics,  such  as  proliferation  and 
invasion,  in  the  context  of  the  multidimensional  influences 
exerted  by  the  tumor  microenvironment,  there  is  less  infor¬ 
mation  concerning  the  roles  played  by  the  microenviron¬ 
ment  in  resistance  to  cancer  therapeutics.  However,  it  is  well 
recognized  that  ex  vivo  assays  of  chemotherapeutics  poorly 
recapitulate  in  vivo  effectiveness  (7).  In  part,  these  differ¬ 
ences  clearly  reflect  drug  delivery  issues  related  to  vascular 
access,  interstitial  pressures,  and  metabolism  (8).  However, 
other  elements  of  the  tumor  microenvironment  can  affect 
tumor  phenotypes  to  augment  drug  resistance.  Distinct 
microenvironments  can  provide  niches  that  contribute 
substantially  to  tumor  cell  survival  and  eventual  relapse 
and  therapy  failure.  A  few  examples  serve  to  illustrate  the 
variety  of  ways  in  which  the  context  provided  by  the  tumor 
microenvironment  can  influence  tumor  resistance  to  ther¬ 
apeutics  (for  reviews,  see  refs.  8-10),  as  described  below. 

Therapy  resistance  mediated  by  soluble  factors.  As  with 
chronic  myelogenous  leukemia  (CML),  Philadelphia  chro¬ 
mosome-positive  acute  lymphocytic  leukemia  (Ph+ALL)  is 
driven  by  the  BCR-ABL  fusion  protein  and  is  sensitive  to  the 
Abl  tyrosine  kinase  inhibitor  imatinib  (11).  In  a  series  of 
experiments  reported  by  Williams  and  colleagues  (12),  a 
mouse  model  of  Ph+ALL  was  developed  that  exhibited 
resistance  to  imatinib,  although  Abl  kinase  activity  was 


inhibited  by  drug  treatment.  However,  tumor  cells  isolated 
from  this  model  were  still  sensitive  to  imatinib  in  vitro , 
supporting  the  hypothesis  that  components  of  the  host 
microenvironment  (in  this  case,  the  hematopoietic  micro¬ 
environment)  promote  resistance.  Through  further  exper¬ 
imentation,  host  cytokines,  such  as  interleukin  (IL)-7,  were 
determined  to  promote  growth  despite  imatinib  treatment 
(12).  Other  studies  implicated  galectin  3  induction  in  CML 
by  the  bone  marrow  microenvironment  as  a  contributing 
factor  to  drug  resistance  and  long-term  lodgment  of  leuke¬ 
mic  cells  in  the  bone  marrow  niche  (13).  Further  evidence 
for  this  mechanism  of  therapy  resistance  (described  below) 
points  to  the  role(s)  of  cancer  therapeutics  themselves  in 
promoting  the  production  of  microenvironment-derived 
soluble  factors. 

Therapy  resistance  mediated  by  physical  barriers.  Cancers 
that  arise  from  pancreatic  duct  cells  are  highly  lethal  and 
show  quite  limited  responses  to  radiation  or  chemotherapy. 
However,  cell  lines  and  xenografted  tumors  derived  from 
pancreatic  cancers  do  exhibit  responses  to  many  chemo¬ 
therapeutic  drugs,  such  as  gemcitabine,  an  agent  used 
commonly  to  treat  pancreatic  cancer  patients  with  modest 
efficacy  (14).  In  a  series  of  insightful  studies  using  the  KDM 
genetically  engineered  model  of  pancreatic  cancer,  Olive 
and  colleagues  (15)  found  a  marked  difference  between 
tumor  cells  grafted  into  subcutaneous  sites  and  cancers 
arising  within  the  environment  of  the  in  situ  pancreas  in 
terms  of  responses  to  chemotherapy.  They  also  found  that 
major  contributors  to  these  differential  tumor  responses 
were  limited  vascularization  and  poor  perfusion,  which 
constrained  drug  penetration  within  the  pancreas.  The 
efficacy  of  chemotherapy  was  substantially  enhanced 
through  the  use  of  IPI-926,  a  sonic  hedgehog  pathway 
inhibitor  that  depleted  tumor-associated  stromal  tissue, 
increased  tumor  vascularity,  increased  intratumoral  chemo¬ 
therapy  concentrations,  and  consequently  inhibited  tumor 
growth  (15). 

Therapy  resistance  influenced  by  cell  adhesion.  Physical 
interactions  between  multiple-myeloma  cells  and  structural 
constituents  of  the  bone  marrow  have  been  shown  to 
profoundly  influence  de  novo  and  acquired  resistance  to 
chemotherapy  (16).  Mechanisms  that  contribute  to  adhe¬ 
sion-mediated  resistance  include  tumor-cell  binding — via 
integrins  and  other  components — to  ligands  on  stromal 
cells  and  extracellular  matrix  such  as  fibronectin,  collagens, 
and  laminins.  Consequent  therapy  resistance  occurs 
through  several  pathways,  including  redistribution  of  the 
antiapoptotic  proteins  CASP8  and  FADD-like  apoptosis 
regulator  from  the  cytoplasm  to  cell  membranes,  induced 
proteasomal  degradation  of  the  proapopto  tic  protein  BCL2- 
interacting  mediator  of  cell  death,  and  transient  posttrans- 
lational  upregulation  of  the  cyclin-dependent  kinase  inhib¬ 
itor  p27  (17,  18).  Of  importance,  drug  sensitivity  can  be 
augmented  by  agents  that  disrupt  adhesion.  In  preclinical 
studies,  a  blocking  antibody  to  a4  integrin  reduced  tumor 
burden  and  increased  overall  survival  in  a  mouse  model  of 
multiple  myeloma,  and  dramatically  augmented  myeloma 
responses  when  used  in  conjunction  with  melphalan,  a 
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drug  in  common  clinical  use  for  the  treatment  of  multiple 
myeloma  (19).  Information  about  the  key  relationships 
between  myeloma  cells  and  the  bone  marrow  microenvi¬ 
ronment  led  to  a  series  of  rationally  designed  clinical  trials 
that  co targeted  tumor  and  microenvironment  interactions. 
Lenalidomide,  an  agent  that  among  other  effects  decreases 
tumor  cell  binding  to  bone  marrow  components,  and 
bortezomib,  a  proteosome  inhibitor  that  among  other 
effects  downregulates  adhesion  molecules  on  both  tumor 
cells  and  bone  marrow  stroma,  were  both  shown  to  sub¬ 
stantially  improve  overall  survival  (20),  and  these  agents  are 
now  part  of  the  routine  clinical  management  of  patients 
with  multiple  myeloma. 

Microenvironment  reactions  to  cancer-directed 
therapeutics 

It  is  important  to  consider  that  the  effects  of  most  cancer- 
directed  therapeutics  are  not  entirely  restricted  to  neoplastic 
cells,  and  that  such  therapeutics  can  also  interact  with — and 
alter — benign  cells  in  local  and  distant  host  microenviron¬ 
ments.  The  potential  for  such  effects  is  particularly  relev¬ 
ant  for  nonspecific  treatments  involving  ionizing  radiation 
and  genotoxic  drugs.  Highly  conserved  damage  and  stress- 
response  programs  have  evolved  to  prevent  the  propagation 
of  oncogenic  genetic  damage  to  progeny  by  temporarily 
arresting  cell  growth  for  DNA  repair,  or  irreversibly  arresting 
growth  through  senescence  or  apoptosis. 

DNA  damage  response.  The  DNA  damage  response 
(DDR)  is  a  complex  and  coordinated  process  that  occurs 
following  a  breach  in  the  integrity  of  DNA  (21).  The  DDR 
likely  evolved  to  protect  the  host  from  cells  that  sustain 
irreversible  genomic  damage  resulting  from  exposure  to 
exogenous  and  endogenous  genotoxins.  The  DDR  culmi¬ 
nates  in  the  elimination  of  cells  whose  damage  cannot  be 
repaired.  Common  routine  environmental  insults  and 
byproducts  of  cellular  metabolism  produce  in  excess  of  1 
million  individual  DNA  lesions  per  cell  per  day  (22).  To 
deal  with  this  assault,  repair  mechanisms  are  in  continual 
operation,  and  the  rate  of  repair  is  sufficient  to  manage  the 
rate  of  damage.  However,  exposure  to  genotoxic  cancer 
therapeutics  produces  damage  that  far  exceeds  the  capacity 
of  the  repair  process  to  maintain  DNA  integrity.  Alkylating 
agents  produce  DNA  interstrand  cross-links,  which  pro¬ 
mote  DNA  double-strand  breaks.  Topoisomerase  inhibitors 
produce  several  effects,  including  the  generation  of  inter¬ 
strand  cross-links,  the  creation  of  free  radicals,  and  the 
stabilization  of  DNA  with  consequent  inhibition  of  proper 
DNA  replication  and  a  consequent  damage  response  signal. 
Platinum  drugs  induce  DNA  adducts  and  double-strand 
breaks,  and  the  antibiotic  bleomycin  induces  direct  double¬ 
strand  breaks.  These  and  other  chemotherapeutics  engage 
the  DDR  to  initiate  fail-safe  programs  that  result  in  perma¬ 
nent  growth  arrest  (senescence)  or  the  execution  of  cell 
death  (apoptosis). 

The  DDR  is  enacted  by  the  Mrel  1-Rad50-Nbsl  mediator 
complex,  which  denotes  specific  sites  of  damage,  followed 
by  a  second  phase  that  propagates  the  recognition  signal  to 
ultimately  influence  repair  and  cellular  phenotypic 


responses.  The  DDR  progresses  through  a  signaling  cascade 
that  includes  ATR  and  ATM  (23).  In  the  context  of  double¬ 
strand  breaks  resulting  from  chemotherapy,  ATM  autophos- 
phorylates  at  multiple  sites,  self-activates,  and  instigates 
reactions  that  assemble  checkpoint  proteins  such  as  p53BPl 
and  BRCA1  at  the  break  site  to  promote  damage  repair  (24- 
26).  Concurrently,  ATM  activates  CHK2,  leading  to  the 
stabilization  and  accumulation  of  p53,  a  pivotal  mediator 
of  either  pause  and  repair  or  permanent  growth  arrest  and 
cell  death.  Although  tumor  cells  commonly  inactivate  key 
components  of  the  DDR  program,  benign  cells  of  the  tumor 
microenvironment  are  fully  capable  of  producing  robust 
responses  to  genotoxic  stress.  It  has  recently  become  appar¬ 
ent  that  in  addition  to  the  cell-autonomous  components  of 
the  DDR  that  influence  the  damaged  cell  itself,  the  DDR  also 
promotes  a  cell-nonautonomous  program  of  secreted  fac¬ 
tors  that  are  capable  of  affecting  numerous  cell  types  com¬ 
prising  the  tumor  microenvironment,  including  those 
tumor  cells  that  have  survived  the  first  salvo  of  chemother¬ 
apy  and  radiotherapy. 

DNA  damage  secretory  program.  The  secretory  pheno¬ 
type  of  damaged  cells  was  first  reported  in  the  context 
of  cellular  senescence,  a  state  of  permanent  growth 
arrest.  Cellular  senescence,  as  described  by  Hayflick  and 
Moorehead  (27)  in  the  context  of  replicative  exhaustion, 
is  associated  with  characteristic  morphologic  features 
encompassing  enlarged  flattened  cell  bodies  with  increased 
cytoplasmic  granularity.  Although  their  growth  has  been 
arrested,  senescent  cells  remain  viable  and  metabolically 
active  (28).  The  mechanism  behind  replicative  exhaustion 
involves  the  progressive  erosion  of  telomeres  after  many 
replication  cycles,  with  the  consequent  induction  of  a 
DDR-like  response  culminating  in  the  induction  of  the 
CDK  inhibitors  p21  and  pi 6  and  permanent  growth  arrest 
(29).  Investigators  have  identified  several  other  inducers  of 
senescence,  including  oxidative  stress  and  reactive  oxygen 
species,  activation  of  specific  oncogenes  such  as  RAS  and 
BRAF  (30, 3 1),  and  profound  levels  of  DNA  damage,  such  as 
those  encountered  in  the  context  of  chemotherapy  and 
radiotherapy. 

Detailed  studies  of  senescent  cells  revealed  that  this  state 
is  accompanied  by  the  production  and  secretion  of  a 
remarkable  spectrum  of  cytokines,  growth  factors,  and 
proteases,  many  of  which  have  been  shown  to  play 
roles  in  promoting  tumor  growth  and  invasion  (32-34). 
Collectively,  these  secreted  factors  have  been  termed  a 
senescence-associated  secretory  phenotype  (35)  or  senes¬ 
cence-messaging  secretome  (36).  However,  it  appears  that  a 
full  senescence  phenotype  is  not  required  for  components 
of  this  secretory  program  to  be  engaged;  rather,  cell  stress 
and  DNA  damage  are  the  central  initiators.  This  concept 
broadens  the  description  of  these  largely  overlapping  pro¬ 
grams  to  include  the  acute  stress-associated  phenotype  (37) 
and  DNA  damage-associated  secretory  program  (DDSP). 
Deep  discovery-driven  analyses  of  transcript  and  protein 
responses  to  genotoxic  stress  induced  by  cancer  therapeutics 
have  identified  several  hundred  factors  derived  from  benign 
cells  comprising  the  tumor  microenvironment  (32,  38,  39). 
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Figure  1 .  Therapy  resistance  is  promoted  by  genotoxic  treatment-induced  damage  responses  in  the  tumor  microenvironment.  The  local  environment  in  which 
most  neoplasms  originate  is  a  complex  ecosystem  comprised  of  cancer  cells,  benign  resident  cells,  and  transient  cells  (e.g. ,  inflammatory  cell  types),  as  well  as 
additional  structural  and  soluble  components.  Genotoxic  cancer  therapeutics  induce  DNA  damage  in  tumor  cells,  leading  to  cell  death  or  senescence,  but  can 
also  induce  genotoxic  stress  in  benign  cells,  such  as  tumor-associated  fibroblasts  comprising  the  tissue  stroma.  DNA  damage  and  other  stressors  initiate 
damage  response  programs,  such  as  the  DDR,  with  several  effector  arms,  including  the  generation  and  secretion  of  a  diverse  spectrum  of  cytokines,  growth 
factors,  and  proteases  (here  denoted  the  DDSP).  Individual  components  of  the  DDSP  are  well  known  to  promote  inflammation,  angiogenesis,  epithet ial-to- 
mesenchymal  transition,  and  tumor  cell  proliferation,  and  to  augment  resistance  to  cancer  therapeutics.  Targeting  individual  DDSP  components  or  key 
upstream  master  regulators  (e.g.,  NF-kB,  p38MAPK,  and  PARP)  may  enhance  the  effectiveness  of  commonly  used  antineoplastic  agents  by  suppressing 
microenvironment-derived  resistance  mechanisms.  BV,  blood  vessel,  CC,  cancer  cell;  EC,  epithelial  cell;  1C,  inflammatory  cell;  rCC,  resistant  cancer  cell;  SC, 
stromal  cell. 


The  composition  of  the  DDSP  is  complex  and  includes 
proinflammatory  cytokines  such  as  IL-6  and  IF-8,  extracel¬ 
lular  matrix- altering  proteases,  proneurogenic  factors, 
angiogenic  growth  factors,  and  epithelial  mitogens  that 
include  agonists  for  the  epidermal  growth  factor  receptor 
(EGFR),  such  as  amphiregulin  and  epiregulin  (38,  39). 
These  cell-nonautonomous  effectors  of  the  stress-response 
program  likely  evolved  to  propagate  a  tissue-damage 
signal  locally  and  distantly  in  order  to  enhance  the  elimi¬ 
nation  of  damaged  cells  through  immune  clearance, 
and  hasten  repair  through  angiogenesis  and  the  migration 
and  proliferation  of  epithelial  and  stromal  cells.  However, 
in  the  setting  of  a  malignancy,  where  neoplastic  cells  co¬ 
opt  such  microenvironment  cues,  such  effects  may  have 
adverse  consequences.  Individual  components  of  the  DDSP 
can  suppress  apoptosis  and  enhance  the  proliferation  of 
premalignant  and  malignant  epithelium  (34),  stimulate 
migration  and  invasion  (38,  39),  and  transition  epithelial 
cells  to  acquire  mesenchymal  phenotypes  (38)  with 


augmented  resistance  to  chemotherapy  and  radiation 
(Fig.  1;  ref.  40). 

Findings  from  several  preclinical  studies  support  the 
concept  that  treatment-induced  microenvironment  damage 
can  promote  adverse  tumor  outcomes.  Recent  work  using 
modern  tools  of  molecular  biology  recapitulated  the 
insightful  studies  carried  out  in  the  1950s  by  Revesz  (41), 
who  enhanced  the  growth  of  transplanted  allogeneic  and 
syngeneic  tumors  by  combining  lethally  irradiated  tumor 
cells  with  nonirradiated  tumor  cells.  This  so-called  Revesz 
effect  was  later  shown  to  be  due  to  the  metabolic  activities  of 
the  irradiated  cells  resulting  in  the  production  of  diffusible 
factors  that  conditioned  the  tumor  microenvironment 
(42,  43).  More  recently,  using  a  mouse  model  of  breast 
carcinoma,  Nguyen  and  colleagues  (44)  determined  that 
ionizing  radiation  acting  on  the  breast  microenvironment 
accelerated  the  development  of  aggressive  p53-null  breast 
cancers.  The  development  of  these  tumors  was  found  to 
be  influenced  by  TGF-(3  signaling  and  exhibited  distinct 
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molecular  programs  involving  estrogen  receptor  and  stem 
cell  activity.  Similar  results  were  reported  in  studies  of 
myogenic  cells,  in  which  implanted  cells  rapidly  progressed 
to  poorly  differentiated  tumors  in  irradiated  muscle  micro¬ 
environments  relative  to  cells  implanted  into  nonirradiated 
muscle  (45).  Tumorigenicity  was  also  found  to  be  depen¬ 
dent  on  the  dose  of  preirradiation  and  to  vary  depending  on 
the  host's  genetic  background.  Whether  such  damaged 
microenvironments  would  also  promote  therapy  resistance 
has  not  been  tested. 

Studies  using  genotoxic  chemotherapeutics  have  extend¬ 
ed  these  observations  to  show  that  treatment-induced  dam¬ 
age  to  the  microenvironment  can  promote  a  chemoresistant 
niche  of  residual  disease  that  subsequently  serves  as  the 
nidus  for  relapse.  In  experiments  using  doxorubicin  to  treat 
the  Ep-Myc  model  of  transplantable  lymphoma,  Gilbert 
and  Hemann  (37)  determined  that  the  surviving  metastatic 
tumor  cells  were  exclusively  localized  to  the  thymus. 
Detailed  molecular  analyses  of  damage  responses  in  differ¬ 
ent  lymphoid  tissues  and  of  individual  cell  types  comprising 
these  tissues  identified  IL-6  and  Timp-1  as  prosurvival 
factors  secreted  selectively  by  thymic  endothelial  cells. 
Tumor-cell  resistance  was  shown  to  be  due  to  the  paracrine 
production  of  IL-6  and  Timp-1,  and  inhibition  of  these 
factors,  or  the  upstream  signaling  pathway  operating 
through  p38  mitogen-activated  protein  kinase  (p38MAPK), 
enhanced  the  effectiveness  of  subsequent  chemotherapy 
(37).  In  addition  to  providing  proof-of-principle  that  dam¬ 
age  induced  by  cancer  therapeutics  to  residents  of  the  tumor 
microenvironment  can  influence  tumor  behavior  (in  this 
case,  therapy  responses),  this  study  showed  that  different 
tissues,  and  indeed  the  distinct  cell  types  that  comprise  these 
tissues,  have  varied  damage  responses,  a  finding  that  has 
important  implications  for  designing  clinical  trials  to 
exploit  these  results. 

Clinical-Translational  Advances 

Therapeutic  context 

The  concept  of  developing  treatment  strategies  to  modify 
the  tumor  microenvironment  or  interrupt  interactions 
between  tumor  cells  and  components  of  the  microenviron¬ 
ment  is  attractive  for  several  reasons.  First,  this  approach  has 
been  applied  successfully  in  several  malignant  diseases,  as 
exemplified  most  strikingly  in  multiple  myeloma,  where 
co targeting  the  tumor  microenvironment  is  now  a  mainstay 
of  the  overall  treatment  paradigm  (20).  Second,  there  are 
many  potential  ways  to  influence  the  tumor  microenviron¬ 
ment  to  ensure  more  effective  tumor-cell  killing,  ranging 
from  mobilizing  tumor  cells  [e.g.,  via  CXCR4/CXCL12  axis 
blockade  (46)]  to  breaking  down  desmoplastic  barriers  for 
more  efficient  drug  penetration  (15).  Third,  because  the 
tumor  microenvironment  targets  are  generally  derived  from 
benign  cells  involving  well-conserved  developmental  path¬ 
ways,  they  are  unlikely  to  be  subject  to  mutation  and 
resistance.  Fourth,  most  tumor  microenvironment  targets 
represent  a  non-cross-reactive  feature  of  the  tumor  that  may 
not  contribute  substantially  to  toxicity. 


In  treatment-induced  therapy  resistance,  it  is  important 
to  consider  that  context  is  critical:  The  treatment  itself  can 
unmask  or  induce  new  opportunities  for  intervention. 
Unfortunately,  the  standard  regimens  that  are  currently 
used  to  treat  most  solid  tumors  are  ideally  suited  to  promote 
microenvironment-mediated  resistance.  Most  chemother¬ 
apeutics  are  dosed  in  a  sequence  of  treatment  cycles  that  are 
generally  designed  to  allow  normal  host  tissues  and  organs 
to  recover  and  avoid  major  morbidity  and  host  lethality. 
Radiotherapy  is  similarly  administered  in  a  series  of  frac¬ 
tionated  doses  at  intervals  spanning  days  to  weeks.  Initial 
cycles  of  treatment  can  eliminate  a  substantial  percentage  of 
the  tumor  cell  mass,  but  they  can  also  induce  a  damage 
response  in  cells  that  constitute  the  tumor  microenviron¬ 
ment  (Fig.  1).  Tumor  cells  that  survive  the  first  salvos  of 
therapy  are  thus  exposed  to  the  high  levels  of  growth  factors, 
cytokines,  and  proteases  that  comprise  the  DDSP  and  are 
capable  of  bolstering  the  remaining  tumor  cells  to  survive 
subsequent  treatment  cycles.  In  the  murine  lymphoma 
studies  described  above  (37),  key  prosurvival  factors  such 
as  IL-6  and  Timp-1  emerged  as  therapeutic  targets  only  in 
the  context  of  treatment,  whereas  without  genotoxic  stress, 
suppression  of  these  factors  was  not  relevant.  The  pro¬ 
growth,  prosurvival,  and  proangiogenic  components  of  the 
DDSP  may  also  underlie  the  accelerated  tumor  repopula¬ 
tion  kinetics  that  have  been  observed  during  intervals 
between  treatments  and  account  for  rapid  tumor  repopu¬ 
lation,  an  important  cause  of  treatment  failure  (47). 

Cotargeting  specific  microenvironment  effectors 

The  robust  induction  of  growth  factors  and  cytokines  by 
DNA-damaging  therapeutics  may  be  a  contributing  factor  in 
the  limited  responses  observed  in  clinical  studies  of  targeted 
therapeutics,  such  as  those  designed  to  inhibit  angiogenesis 
or  suppress  EGF  signaling.  Following  genotoxic  treatments, 
small-molecule  inhibitors  and  receptor-directed  antibodies 
must  contend  with  very  high  local  treatment-induced  con¬ 
centrations  of  ligands  for  these  receptors,  such  as  VEGF, 
amphiregulin,  and  epiregulin.  Recognizing  that  multiple 
distinct  ligands  may  activate  redundant  signaling  programs 
to  resist  these  targeted  treatments  is  the  initial  step  in 
designing  the  appropriate  clinical  studies  to  confirm  effec¬ 
tive  pathway  suppression.  Although  it  is  remarkably  diverse 
(36,  38),  the  secretory  program  induced  by  DNA  damage 
and  the  attendant  cell  stress  is  not  unlimited,  and  it  is  likely 
that  only  a  subset  of  the  program  effectively  contributes  to 
therapy  resistance.  Further,  components  of  the  DDSP  may 
assist  in  controlling  tumor  growth  through  host  damage 
response  signaling  that  attracts  inflammatory  cells  and 
engages  other  tissue  repair  processes.  Thus,  a  reasonable 
strategy  would  be  to  identify  and  cotarget  only  the  key 
DDSP  factors  that  are  responsible  for  inducing  a  therapy- 
resistant  phenotype. 

Cotargeting  the  collective  DDSP 

An  alternative  to  targeting  individual  resistance-promot¬ 
ing  components  of  the  DDSP,  which  may  require  multiple 
drugs  deployed  in  combination  to  effectively  suppress 
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particular  paracrine  interactions,  would  be  to  inhibit  the 
master  regulators  that  transduce  the  DDR  signal  to  modu¬ 
late  the  expression  of  large  subsets  of  effector  proteins. 
Although  this  system  is  complex  and  incompletely  under¬ 
stood,  current  knowledge  about  the  DDR  suggests  several 
nodes  that  could  be  evaluated  (Fig.  1).  For  example, 
inhibition  of  p38MAPK  has  been  shown  to  suppress  the 
secretion  of  most  stress-responsive  secretory  proteins  in 
fibroblasts  (35),  primarily  through  NF-kB,  which  is  also 
an  attractive  target  in  the  context  of  regulating  DDR- 
induced  responses.  PARP-1  has  been  shown  to  be  activated 
in  response  to  DNA  damage  and  to  propagate  a  signaling 
cascade  that  includes  the  production  of  a  secretome  with 
protumoral  and  prometastatic  properties  (48).  Thus,  PARP- 
1  inhibitors,  which  are  currently  in  clinical  trials  for  the 
treatment  of  breast  and  ovarian  cancers,  could  be  repur¬ 
posed  for  inhibiting  the  microenvironment  DDSP  in  the 
context  of  genotoxic  tumor  therapy.  IL-la,  itself  a  compo¬ 
nent  of  the  damage-associated  program,  has  been  shown  to 
promote  the  secretion  of  several  key  proinflammatory  cyto¬ 
kines  via  interaction  with  cell-surface  IL-1R  and  consequent 
activation  of  NF-kB  (49).  It  is  likely  that  additional  master 
regulators  of  the  DDSP  will  be  identified  as  our  knowledge 
about  the  signal  transduction  program  matures. 

Conclusions 

Many  questions  remain  regarding  the  optimal  strategies 
for  effectively  suppressing  the  prosurvival  microenviron¬ 
ment  induced  directly  by  cancer  therapeutics.  The  extent  to 
which  damage-associated  secretory  responses  vary  among 
different  organs,  different  cell  types  within  tissues,  and 
different  individuals — and  how  this  variation  is  con¬ 
trolled — remains  unclear.  Such  information  may  be  quite 
important  when  considering  microenvironment  targets  in 
different  primary  tumor  locations  and  sites  of  metastatic 
disease.  The  systemic  effects  of  DNA-damage  responses  also 
likely  influence  the  resistance  of  tumor  cells  to  treatment. 
The  duration  or  persistence  of  damage-associated  paracrine 
activity  has  also  not  been  established,  and  this  may  be  quite 
important  for  designing  clinical  trials  that  sequence  geno- 
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